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Abstract
The Planar Inverted-F Antenna (PIFA) has evolved from a 
quarter-wavelength monopole antenna and is now widely used in 
mobile and portable radio applications due to its many attractive 
features such as simplicity of design, light-weight, low-cost, low- 
profile, conformal nature and reliable performance. Many antenna 
types for portable applications are extensions of PIFA antenna, which 
is considered as one of the strongest candidates for Multiple-Input 
Multiple-Output (MIMO) systems. In this work, PIFA is taken as a 
main element of study. Three different areas related to the PIFA 
antenna are investigated in this thesis.
First area related to PIFA investigated in this work is a 
comprehensive parametric study and a new empirical equation of 
PIFA. This work presents a thorough numerical and experimental 
study of Planar Inverted-F Antennas (PIFA) involving all the 
parameters which may affect the characteristics of PIFA. It is found 
that PIFA characteristics are affected by a number of parameters 
including the dimensions of the ground plane, length, width, height 
and position of the top plate, positions and widths of shorting pin/plate 
and feed pin/plate. Based on this parametric study, a new empirical
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equation for predicting the resonant frequency of the PiFA is 
introduced; taking into account all the important parameters which 
significantly affect the resonant frequency. The comparisons between 
the new and the previously used empirical equations are provided to 
show the comparative accuracy of the new equation. The average 
percentage error found between the proposed and the actual 
operational frequencies is less than 3%. This proposed equation 
should be very useful to aid the antenna design.
The second investigation related to the PIFA concerns 
bandwidth enhancement techniques. PIFA is not yet employed as an 
ultra wide band antenna as this antenna is perceived as a narrow band 
antenna. This work introduces three techniques for enhancing the 
impedance bandwidth of PIFA, which are a) changes in the widths of 
feed plate and shorting plate, b) addition of an inverted-L shaped 
parasitic element and c) adding a rectangular shaped parasitic element. 
It is found that the width of feed plate plays an important role in 
broadening the antenna bandwidth. It is shown that a fractional 
impedance bandwidth up to 65% can be obtained by optimizing the 
widths of the feed and shorting plates. The 2nd technique introduces a 
PIFA antenna having an inverted-L shaped parasitic element. It is 
shown that due to the addition of this parasitic element, this PIFA 
antenna can achieve a very wide bandwidth (more than 100%). Further 
enhancement to this is achieved by adding another rectangular shaped
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parasitic element at a right place. In this way, PIFAs with very wide 
fractional bandwidths (more than 120%) can be achieved by using the 
aforementioned techniques.
The third investigation involves the use of FIFA antenna as a 
diversity and / or MIMO antenna. This work presents three new and 
novel designs of dual-feed Planar Inverted-F Antenna (PIFA) for 
different heights suitable for wireless diversity / MIMO applications. 
The theme used is to employ only one PIFA antenna with multiple 
feeds / ports and using pattern and / or polarization diversity to 
produce diversity gain. First PIFA antenna design is dual-feed PIFA 
antenna with parallel feed plates for antenna height h = 10 mm. By 
exploiting the pattern diversity, we have successfully made a provision 
of two isolated feeding ports using one common radiating plate. The 
main technique introduced is to etch and modify the ground plane 
under the radiating plate to reduce the mutual coupling between the 
two ports which produces anti-resonance between the two ports. It is 
found that the envelope cross-correlation is less than 0.02 and the ratio 
of the mean effective gain between the two ports is close to unity. 
Thus, this new PIFA antenna can provide a better solution than two 
separate antennas for diversity and MIMO applications by saving the 
space and cost.
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The 2nd FIFA antenna design presents a new and novel dual­
feed Planar Inverted-F Antenna (FIFA) with perpendicular feed plates 
suitable for wireless applications such as Wireless Local Area 
Network (WLAN) and Long Term Evolution (LTE) as a diversity and 
MIMO antenna. Instead of two antenna elements, there is only one top 
radiating element with two isolated ports which save the space and the 
cost. The two feed plates are placed perpendicular to each other due to 
which polarization diversity as well as pattern diversity is exploited to 
achieve diversity gain. The isolation between the two antenna ports is 
achieved by the modifying the ground plane under the top radiating 
element.
The 3rd design presents a new low profile dual-feed planar 
Inverted-F Antenna (FIFA) suitable for wireless LAN applications for 
height h = 5 mm. Pattern diversity is utilized using one common 
radiating plate and two isolated feeding ports. The isolation is 
successfully achieved mainly by modifying the ground plane under the 
radiating plate and producing anti-resonance between the two ports. 
Thus, this single FIFA antenna can act as two separate antennas for 
diversity and MIMO applications with reduced space and cost.
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CHAPTER
1
Introduction
Over the last two decades, the wireless mobile communication 
technology has made a spectacular' progress from first-generation (1G) 
analogue voice-only communication to second-generation (2G) digital voice 
commumcation. Currently, the third generation (3G) mobile communication 
technology not only providing digital voice services, but also providing video 
telephony, internet access and videos download services. Furthermore, the 
forthcoming fourth-generation (4G) mobile telephone technology is aiming to 
provide on-demand high quality video and audio services. Wireless Local 
Area Network (WLAN) technology has also made a giant stride by 
introducing Wi-Fi (Wireless Fidelity). Wi-Fi is a set of product compatibility 
standards for WLAN technology based on the IEEE 802.11 specifications. It 
enables a person with a wireless-enabled computer, laptop or personal digital 
assistant (PDA) to comrect to the internet within proximity of an access point 
at a maximum data rate of 54 Mbps. Now a day, Wi-Fi is not only used solely
1
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for internet connections, but it is also used to broadcast quality multimedia 
content throughout the entire home. WiMax (Worldwide Interoperability for 
Microwave Access) is a wireless technology which is designed for 
Metropolitan Area Networks (MAN) based on the IEEE 802.16 
specifications. It aims to provide high speed wireless internet connectivity 
over long distances. Both the 4G and WiMax technologies require high data 
rates and longer range to provide quality services to the end users. These 
advancements in the communication technology and ever increasing demands 
of the consumers have tremendously increased the need for communications 
with high data rates, more reliability, power efficient, and cheaper wireless 
services. To achieve these high quality services, wireless communication 
technology has to be pushed to the physical limits of the radio channels. The 
channel capacity or data rate of a communication system is limited by the 
bandwidth and the transmitted power. A well known upper bound on the 
maximum achievable data rate for the ideal band-limited additive white 
Gaussian noise (AWGN) channel is given by the Shannon-Nyquist criterion 
[1]. Having an available channel bandwidth, W and signal-to-noise ratio 
(SNR) over this bandwidth, the maximum transmit data rate is:
C =W log2 (1+ SNR) bits / s (1.1)
From equation (1.1), it is clear that data rates can only be increased 
by increasing the bandwidth occupation or transmission power. However, the 
radio spectnim available for the wireless systems is very limited and 
expansive, and therefore it is crucial to increase the channel capacity and the 
reliability of the wireless systems without additional spectrum usage. Also, 
the signal power cannot be readily increased as the communication systems 
are interference limited.
Until a few years ago, these limits have been expanded by 
introducing the spatial domain to mobile communication antennas. By 
introducing an array of antenna elements at both receivers and transmitters, 
the channel capacity of that system can grow linearly with the number of
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antennas under ideal conditions. This system with multiple antennas at both 
link-ends of a wireless communication technology is called a Multiple-Input 
Multiple-Output (MIMO) system. In 1987, Winters reported that the capacity 
of the multi-antenna fading channels can be enhanced by applying multiple 
antennas at both the transmitters and receivers [2]. Lately, the potential 
capacity of the MIMO system was theoretically demonstrated by Foschini 
and Gans [3-4], and Telatar [5]. Since then, MIMO systems have attracted a 
considerable interest in both the academic and industry worlds, and 
significant amount of efforts have been put into the researches and 
developments of MIMO systems [6-15]. The MIMO system can enhance not 
only the channel capacity, but also the reliability (Quality of Service) of the 
wireless communication system by exploiting different coding schemes.
Antenna arrays can improve reliability and capacity in two ways. 
First, diversity combining or adaptive beam forming techniques can combine 
the signals from multiple antennas in a way that mitigates multi-path fading. 
Second, adaptive beam forming using antenna arrays can provide capacity 
improvement through interference reduction.
1.1 Motivation of the Work
The requirements of the antenna elements at the small devices like 
mobiles, laptops and PDA terminals are low-profile, conformal nature, light 
weight and low cost while maintaining high bandwidth, good isolation and 
low envelope cross-correlation [16]. The application of MIMO technology on 
small terminals causes a problem that the antenna array must be installed 
inside the small terminal chassis. This causes a high degree of mutual 
coupling and the spatial correlation between antenna elements and it affects 
the MIMO channels capacity. For ideal diversity antenna array (i.e. zero 
correlation), the antenna elements should have zero mutual coupling between 
them [17]. The strong surface current on the ground plane of tlie antennas has 
been one of the mam reasons for the high mutual coupling between the 
antennas and results in high correlation [18]. Conventionally, low correlation
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can be achieved at the base stations by spacing the antennas an appropriate 
distance a part i.e. spatial diversity. However, in small portable terminals, the 
space is very limited to place more than one antenna elements. When the 
antennas are spaced closely, this will result in high correlation and no 
diversity gain could be achieved. Therefore, the motivation of this work is to 
explore other antenna diversity techniques such as polarization and pattern 
diversities to achieve low correlation and similar’ mean power levels between 
the antennas for MIMO tenninals.
As Planar Inverted-F Antenna (PIFA) is now widely used in small 
portable applications, it is chosen as main antenna element for study in this 
work. PIFA antenna is investigated in depth by doing a comprehensive 
parametric study as it was found that a comprehensive parametric study of 
PIFA does not exist in literature taking into account all those parameters 
which affect the characteristics of PIFA such as resonant frequency, 
impedance bandwidth and radiation pattern. PIFA antenna is generally 
considered a narrow band antenna therefore this work includes the 
investigation of bandwidth enhancing techniques for PIFA antenna to make 
this antenna a broadband antenna. Then the PIFA is adopted as a MIMO and 
diversity antenna to produce diversity gain. The theme is to use one antenna 
with only one radiating element with multiple ports and then diversity gain is 
achieved by exploiting the pattern and/or polarization diversity. Due to only 
one antenna element, it can easily fit into the chassis/body of the small 
portable system.
1.2 Organization of the Thesis
The rest of the thesis is organized as follows.
Chapter 2 describes the types of antennas which are being implemented on 
small portable terminals such as mobiles, laptops and PDAs over the last 
decade.
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Chapter 3 covers the Planar Inverted-F Antenna (PIFA) in detail. It includes 
the comprehensive parametric analysis of planar inveited-F antenna (PIFA) 
taking into account all those parameters which significantly affect the 
characteristics of PIFA. Based on the parametric study, a new empirical 
equation for PIFA is developed and validated.
Chapter 4 introduces three bandwidth enhancement techniques for PIFA 
which significantly increase the impedance bandwidth of PIFA. Based on 
these techniques. Ultra Wide Band (UWB) PIFA antennas are made and 
tested which are discussed in detail.
Chapter 5 discusses the MIMO systems, its signaling schemes and its 
channel capacity. This chapter also includes the diversity, its combining 
schemes and its types in detail. It also discusses the conditions necessary to 
achieve the diversity gain from diversity antennas.
Chapter 6 describes three new designs for different heights in which PIFA is 
used as a diversity and MIMO antenna with only one common radiating 
element and multiple feeds. The antenna designs of dual-feed PIFAs are 
presented for Bluetooth/WLAN 2.45 GHz frequency band.
Chapter 7 discusses the conclusions and some thoughts of the future work.
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CHAPTER
2
Antennas for Small Portable Systems
2.1 Introduction
Antennas for small portable systems include those used in cellular 
phones, walkie-talkie for private and emergency service applications and data 
terminals such as laptops and Personal Digital Assistants (PDAs). These 
systems require carefully designed antennas at both the base station and the 
user terminal end for efficient operation. It is essential to carefully control 
radiation patterns to target the desired coverage areas while minimizing the 
outside interference. The antenna structure should minimize interactions with 
its surroundings, such as supporting structures and the human body, while 
maximizing the efficiency for radiation and reception. The requirements of 
antennas which make them suitable for small terminals are examined in this 
chapter, together with an outline of the main structures of antennas which are
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suitable and being used on smaller terminals and their key design issues are 
discussed in this chapter.
2.2 Antenna Performance Requirements
Antennas for the small portable systems are subjected to a wide 
range of variations in the environment which they encounter. The 
propagation conditions vary from very wide multipath arrival angles to a 
str-ong line-of-sight component. The orientation of the terminal is often 
random, particularly when a portable device is in a standby mode. The 
antennas must be able to operate in the close proximity of the user’s head and 
hand. They must also be suitable for manufacturing in very large volumes at 
an acceptable cost. Increasingly, the users prefer the antenna to be fully 
integrated with the casing of the terminal rather than being separately 
identifiable [1]. In general, these challenging requirements may be 
summarized as follows:
Radiation Pattern: Approximately omni-directional in azimuth plane and 
wide beam widths in tire vertical planes, although the precise pattern are 
usually uncritical and given the random orientations, the large degree of 
multi-paths and the pattern disturbances which are inevitable and given the 
close proximity of the user.
Input Impedance: The input impedance should be stable and well-matched 
to the source impedance over the whole bandwidth of interest, even in the 
presence of detuning from proximity of the user and other objects. Many user 
terminals now operate over a wide variety of standards, so multi-band, multi- 
mode operations via several resonances are increasingly a requirement.
Efficiency: Given the low gain of the antenna, it is important to achieve a 
high translation of input RF power into radiation over the whole range of 
conditions of use.
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Manufacturability: Efficient antenna manufacturing at large scale should be 
possible, without the need for tuning of individual elements, while being 
robust enough against mechanical and environmental hazards encountered 
while moving.
Size and Integrability: The antenna size should be as small as possible, 
consistent with meeting the performance requirements. Furthermore, the 
ability to fit into the chassis of the portable system acceptable to a consumer 
product is important. As portable systems are increasing becoming smaller 
and smaller in size, those antennas are preferred which are able to be 
integrated with the printed circuit board (PCB) of the portable systems.
2.3 Small Antenna Fundamentals
Antennas on small portable devices are often classified as 
electrically small antennas. There are various rules of thumb for considering 
an antenna to be electrically small. The most common definition is that the 
largest dimension of the antenna is no more than one-tenth of a wavelength. 
Thus, a dipole with a length of VI0, a loop with a diameter of VI0, or a 
patch with a diagonal dimension of VI0 would be considered electrically 
small [2]. This definition makes no distinction among the various methods 
used to construct electrically small antennas. In fact, most work on these 
antennas involves selecting topologies suitable for specific applications, and 
the development of integral or external matching networks. [1]. There is a 
body of literature which highlights the performance trade-offs inherent in 
such antennas. In particular- there is basic trade-off between size, bandwidth 
and directivity. Small antennas, with small aperture size, cannot achieve 
directivity. Similarly, the bandwidth and directivity cannot both be increased 
if the antenna is to be kept small [3]. As the size decreases, the radiation 
resistance decreases relative to the ohmic losses, thus decreasing efficiency. 
Increasing the bandwidth tends to decrease efficiency, although dielectric or 
ferrite loading can decrease the minimum size. This is best illustrated by 
examining the relationship between the quality factor, Q of the antenna and
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the size. Assuming a resistive match load, for a first-order mode, whether 
electrical or magnetic, the Q is related to the electrical size of the antenna by
[3].
Qoi
i
Kr (2.1)
where K is wave number and r is radius of the antenna.
If both the electrical and magnetic first-order modes are excited 
together, then the combined Q is somewhat lower.
Q E ,M 01 2(K r)'
1
Kr (2.2)
2.4 Development of Small Antennas on Small Terminals
One of the trends in small mobile terminal technology in the past 
few years is the reduction in sizes and weights of mobile terminals driven by 
tile development of modem integrated circuit technology and the preference 
of the users. This remarkable reduction in the terminal's size has initiated a 
rapid evolution of the embedded antennas design for mobile terminals. The 
antennas are required to be small, and yet then optimum performances need 
to be maintained.
Several reviews of antennas for small mobile terminals have been 
reported in the past few years [4-8]. Over the past two decades, the size, price 
and weight of the small mobile terminal have been reduced, as shown in Fig. 
2.1, from the single frequency band voice service only portable cellular 
phone in the late 1980s (about 600cc in volume and approximately lOOOg in 
weight) to the current multi-band multi-functional small handheld mobile 
terminal (less than 60cc in volume and a weight of less than lOOg). The 
antennas used for small mobile terminals have evolved from monopole to 
FIFA, and also other types of antennas such as helical antennas, microstrip
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patch, meander line and dielectric resonator (DR) antennas also play 
important roles in small mobile terminals [4, 5, 9-11].
Size
Fig. 2.1 Reduction in size and weight of mobile phones with the passage of
time [Internal report]
There has always has been a customer demand to make more 
compact mobiles, therefore GSM (Global System for Mobile 
Communications) mobile terminals industry prefers to use built-in (or 
internal) antennas, instead of using a monopole that remains outside of the 
main mobile structure as shown in Fig. 2.1. Therefore, FIFA has been widely 
used now as a built-in (internal) antenna as it can be easily integrated with 
Printed Circuit Board (PCB) of the antenna. In this section, the commonly 
used antennas on mobile terminals such as monopole, planar monopole, 
helical antenna and meander line antennas are discussed in detail and Planar 
Inverted-F antenna (PIFA) is discussed in the next chapter.
2.4.1 Monopoles
The quarter-wavelength monopole antenna was invented by 
Marconi by using the image theory in 1896. It is a fundamental mobile 
antenna and has as a simple structure as shown in Fig. 2.2. The quarter-
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wavelength monopole antenna became popular in 1980’s for mobile 
terminals due to its simple structure and short length as it is half of the 
corresponding dipole. Also its directivity is double whereas the input 
impedance is half to that of the corresponding dipole antenna. Like half­
wavelength dipole antenna, the monopole antenna is a resonant antenna as its 
input impedance is about 37 Q which matches well with the 50 D 
transmission line [12]. All these good reasons have made the quarter- 
wavelength monopole antenna as one of the most popular antennas. 
Therefore we can find the use of this antenna in many applications such as 
radio broadcasting towers and mobile phone base stations etc. There are 
many derivatives of monopole antennas developed to make it suitable for 
different applications as shown in Fig. 2.3, some of which will be discussed 
later in this chapter. Fujimoto et al has shown that a quarter-wavelength 
monopole antenna caused large leakage currents to the terminal case 
compared to the half-wavelength dipole antenna [4]. Also the monopole 
antenna is based on image theory which assumes that there is an infinite 
ground plane connected with the monopole antenna. But in real applications, 
we do not have an infinite ground plane or the ground plane is not a perfect 
conductor (like the earth). If the conducting ground plane is of limited size, 
the radiated power will leak to the lower half of the space, which changes the 
radiation pattern. There may be side or even back lobes. The edge of the 
ground plane will diffract the waves which results in many side lobes and the 
directivity will also reduce and also the input impedance may be changed. If 
the ground plane is not large enough, it can act as a radiator rather than a 
ground plane. If the ground plane is very large but not made of a good 
conductor, all the antenna properties are affected, especially the directivity 
and gain (reduced); the angle to the maximum radiation is also tilted towards 
the sky although there are still no lobes in the lower half space.
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Ground
Fig. 2.2 A monopole antenna with a coaxial feed
Ground
Ton-loaded
]
V
Ground
Inverted-F antenna
Ground
Folded or inverted L 
A
Ground
Helical antenna
Fig. 2.3 Some popular forms of monopole antenna [12]
2.4.2 Low-Profile and Planar Monopole Antennas
Conventional monopoles for applications in mobile phones are 
usually protruded from mobile phone housing. Such a protruded monopole 
tends to break off easily and also greatly increases the total length of the 
mobile phone. To overcome this problem, several novel monopole designs 
with a much reduced height have been developed recently. These kind of
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low-profile monopoles are very suitable for integration within the mobile 
phone housing and operation as a built-in antenna [13]. These designs include 
branch line planar monopole [14-16], branch patch planar monopole in a 
wrapped structure [17], planar monopole with slits [18], rectangular spiral 
planar monopole, monopole chip antenna [19] and folded planar monopole 
[20-21]. The planar monopole antennas have attracted a considerable 
attention as they offer excellent frequency bandwidth, omni-directional 
pattern in the azimuth plane, compact size, ease of fabrication and most 
importantly the planar structure makes them easily integratable with printed 
circuit boards [22-23]. Owing to their ability of huge bandwidth, a lot of 
UWB planar monopole antennas have been developed [24-27]. Planar UWB 
monopoles have been realized by either a coplanar waveguide (CPW) feed 
[28-30] or a microstrip-line feed [31] as shown in Fig. 2.4, which has eased 
its fabrication on printed circuit boards.
Substrate
Fig. 2.4 Geometry of the microstrip feed elliptical monopole antenna [31]
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2.4.3 Helix / Helical Antennas
The monopole antenna can be reduced in length from quarter 
wavelength to 4-15% wavelength by introducing a distributed inductive 
loading, conventionally named helical antenna [4, 12]. A helical consists of a 
conductor wound into a helical or spiral shape and enclosed in plastic or 
rubber. It is a circularly / elliptically polarized antenna. The helical antenna is 
a hybrid of two simple radiating elements, the dipole and loop antennas. A 
helix can radiate in many modes, the axial (end-fire) and the normal 
(broadside) mode are the ones of most interest. It consists of a wire wound N 
turns around a cylinder in diameter D with spacing S between the turns, and it 
is fed against a ground plane at one end of the structure by a coaxial cable, as 
shown in Fig. 2.5. The total length of the helix is L = NS while the total
length of the wire is Lw = NL0 = N<js2+C2 where L0 = + C2 is the length
of the wire between each turn, and C = 7rD is the circumference of the helix. 
Another important parameter is the pitch angle a (i.e. the angle formed by a 
line tangent to the helix wire and a plane perpendicular to the helix axis) is 
defined by [32].
(2.3)
A helix becomes a linear antenna (like monopole) when its diameter 
approaches zero or pitch angle goes to 90°. It is then known as the Normal 
Mode Helical Antenna (NMHA). hi this case, the diameter of the helix is 
much smaller than the wavelength (D « X) and the total length is also smaller 
than the wavelength. A helix of fixed diameter can be seen as a loop antenna 
when the spacing between the turns vanishes (a=0). The NMHA was widely 
used in the commercial mobile phones in the middle of 1990s due to its short 
length, ease of fabrication and low cost. Fig. 2.6 shows a prototype of a dual 
band non-uniform NMHA. But it is having a deficiency that it cannot be
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integrated with the printed circuit board. That is why these antennas are not 
used now a day in cellular handsets.
The axial mode (end-fire) occurs when the circumference of the 
helix is comparable with wavelength (C = xD ~ X) and the total length is 
much greater than the wavelength. The axial mode helix antennas are mostly 
used for satellite communication and GPS due to their high gain and end-fire 
radiation patterns [33].
D
i
Coaxial Cable
Fig. 2.5 Geometrical configuration of Helix [12]
Fig. 2.6 A dual band non-uniform helix invented in 1996 by Z. Ying
(Ericsson) [7]
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2.4.4 Meander Line Antennas
A monopole antenna can also be shortened by the use of a printed 
meander line pattern instead of helical wire in case of NMHA. Meander line 
antennas are physically small but electrically large antennas [4, 34-36]. The 
meander pattern can be printed on a small piece of flexible board rolled on a 
core like NMHA as shown in Fig. 2.7. Multi-band characteristics can be 
accomplished by connecting two or more A/4 meanders in parallel with each 
other or on the opposite sides of a substrate as shown in Fig. 2.8.
Meander primed 
on a core
Fig. 2.7 Meander printed antenna on a core [4]
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Fig. 2.8 Geometry structure of a dual-band meander-line antenna [25]
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CHAPTER
3
Planar Inverted-F Antenna
3.1 Introduction
Compact antennas have been the centre of research interests due 
to the rapid progress in wireless communication in the last two decades. The 
low profile, light weight and low fabrication cost make microstrip antennas 
very attractive for wireless commimication [1]. However, the size of 
microstrip antennas cause inconvenience for wireless applications such as 
handset mobiles at the lower microwave frequencies. To reduce the size of 
microstrip antenna, a potential candidate is the inverted-F antenna, which is 
a modified form of the microstrip antenna. The inverted-F antenna typically 
consists of a rectangular planar element located above a ground plane, a 
short circuiting pin/plate, and a feeding mechanism for the planar radiating 
element. The inverted-F Antenna is evolved from monopole antenna as can 
be seen from Fig. 3.1, where the top section has been folded down which
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makes this section parallel to the ground plane. This is done to decrease the 
height, while maintaining a resonant trace length. This parallel section 
introduces capacitance to the input impedance of the antenna, which is 
compensated by the adding a short-circuiting stub. The end of this short- 
circuit stub is connected to the ground plane. The inverted F antenna is now 
widely used in mobile and portable applications due to its simple design, 
lightweight, low-cost, conformal nature and reliable performance [2-7]. 
Many antenna types for portable applications are extensions of the inverted-F 
antenna; and many dual band or even tri-band antennas have the inverted- F 
antenna as the basic antenna element [8-10]. Due to these excellent features, 
the IFA is one of the strongest candidates for MIMO systems having an array 
of Inverted-F type of antennas [11-12].
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Fig. 3.1 Evolution of FIFA from monopole antenna [6]
The planar inverted-F antenna (FIFA) is an extension of the wire 
inverted-F antenna in which the wire is replaced with a plate in order to 
increase the bandwidth. Some of the advantages of the FIFA antenna are as 
follows.
FIFA can hide into the housing of the mobile as compared to the 
whip, rod and helix antennas.
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• FIFA has reduced backward radiation towards the user’s head, 
minimizing the electromagnetic wave power absorption (SAR) 
and enhance antenna performance.
• FIFA exhibits moderate to high gain in both vertical and 
horizontal states of polarization. This feature is very beneficial in 
certain wireless communications where the antenna orientation is 
not fixed and the reflections are present from different comers of 
the environment. In these cases, the important parameter to be 
considered is the total field that is vector sum of the horizontal 
and vertical states of polarizations.
Due to these advantages, FIFA is very suitable for MIMO antenna systems. A 
comprehensive study is carried out to get an in depth of this FIFA antenna 
which is discussed next.
3.2 Comprehensive Parametric Study of Planar Inverted-F 
Antenna
In the case of a wire Inverted-F Antenna (IFA), design curves are 
available for a given resonant frequency and impedance bandwidth through 
which IFA can be easily designed [13]. However, no such design curves exist 
for the FIFA. If similar design curves could be made available, it would be a 
very useful guideline for people to design the FIFA antenna at a given resonant 
frequency. There are many papers which describe the variations in the 
characteristics of FIFA due to changes of its parameters [14-24], More 
specifically, the effects of the ground plane and the height of the top plate are 
discussed in [19-23] and [24] respectively. However, there has not been 
presented a comprehensive study involving all the parameters of FIFA.
Therefore, a comprehensive simulated and experimental study of 
planar inverted-F antenna (FIFA) is carried out involving all the parameters
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which may affect the characteristics of PIFA including resonant frequency, 
impedance bandwidth and radiation pattern. The effects on the characteristics 
of PIFA due to changes in the dimensions of ground plane, position of the 
PIFA on the ground plane, length, width and height of the top radiating plate, 
and the distance of shorting plate from the edge of top plate are presented. 
Similarly the effects of changing the widths of the feed plate and the shorting 
plate and the feeding positions under the top plate are also discussed.
3.2.1 Antenna Configuration
The configuration of the PIFA used for simulated and 
experimental study is shown in Figs. 3.2 and 3.3. The radiating top plate has 
dimensions L*W and ground plane dimensions are LgxfVg. The dielectric 
material used above the rectangular ground plane is FR-4 having a thickness / 
= 1.5 mm and a relative permittivity 8r = 4.4. The antenna height h is filled 
with free space. The shorting plate has dimension Wsx(h+t) and feed plate 
has dimensions WfXh. The horizontal distance between shorting and feeding 
plates is Lb and vertical distance of feeding plate from upper edge of top plate 
is Lu. The distance between the shorting plate and the edge of top plate is Ls. 
The vertical and horizontal distances of the PIFA structure from the ground 
plane edges are Lz and Xrespectively, as shown in Fig. 3.3. The ground plane 
is placed in x-y plane and the height of antenna is along z-axis.
z
L
Figure 3.2 Planar inverted-F antenna under study
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3.2.2 Simulated and Experimental Study
The procedure adopted for this study is that only one parameter is 
changed at a time to observe its effects on the FIFA characteristics while all 
other parameters are held constant. Different sets of parameters are taken for 
study to cover a wide range of values and also at different resonant 
frequencies. The operational frequency ranges from 0.5 GHz to 3 GHz. The 
software used for simulations is High Frequency Structure Simulator (HFSS) 
based on the Finite Element Method.
3.2.2.1 Ground Plane Effects
The width of ground plane Wg is varied from 45 mm to 85 mm and
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all other parameters are constant at Lg = 75 mm, W = 37.5 mm, L= 18 mm, h 
= 12 mm, Wf= 10 mm, Ws = 5 mm, Lb = 15 mm, Lz=0mm, X= 0 mm, Ls = 0 
mm and Lu = 0 mm. The simulated and experimental results are shown in Fig. 
3.4 which shows that changes in width of ground plane as functions of the 
resonant frequency, fractional bandwidth and radiation pattern. Generally the 
greater the value of Wg, the lower is the resonant frequency.
Similarly, the length of ground plane Lg is varied from 45 mm to 
105 mm while all other parameters are held constant at Wg = 75 mm, W = 75 
mm, L = 30 mm, h = 30 mm, Wf= 24 mm, Ws= 1 mm, Lb = 21 mm, Lz = 0 
mm, X = 0 mm, Ls = 0 mm and Lu = 0 mm. The measured and simulated 
results are shown in Fig. 3.5. It is evident that the variation of length of 
ground plane changes the resonant frequency, fractional bandwidth and 
radiation pattern. The increase in Lg decreases the resonant frequency and 
increases the fractional bandwidth. It is evident from the figures that the 
resonant frequency is not very sensitive to the dimensions of the ground plane 
— this could be due to the fact that the antenna dimension is the dominant 
factor for radiation. After extensive simulations, it is also observed that 
minimum ground plane dimensions of length plus width required for 
maximum impedance bandwidth is X!2.
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Simulated2.35
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Figure 3.4 Effect of changes in Wg on (a) Resonant Frequency (b) Rad. 
pattern in elevation (& = 90°) plane
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Fig. 3.5 Effect of variations in ground plane lengths Lg on (a) Resonant 
frequency (b) Fractional bandwidth
3.2.2.2 Position of the PIFA on the Ground Plane
The changes are made in the horizontal distance X and vertical 
distance Lz of the PIFA from edges of ground plane to observe their effects 
on the characteristics of PIFA. The value of X is changed from 0 mm to 20 
mm and the value of Lz is changed from 0 mm to 50mm while all other 
parameters are constant at Lg = 75 mm, Wg = 65 mm, W = 37.5 mm, L = 18 
mm, h ~ 12 mm, Wf= 10 mm, Ws = 5 mm, Lb = 10 mm, Lz = 0 mm, Ls = Omm 
and Lu = 0 mm. The simulated and experimental results are shown in Figs. 3.6 
and 3.7. The results show that variations in X and Lz change the resonant 
frequency and impedance bandwidth and have significant effects on radiation 
pattern, and increase in either X or Lz increases the resonant frequency and 
decreases the fractional bandwidth.
It is concluded that the placement of PIFA on ground plane 
significantly affects the characteristics of the PIFA and PIFA needs to be 
placed at upper edge (Lz = 0 mm) and side edge (X = 0 mm) of ground plane 
for maximum impedance bandwidth.
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Fig. 3.6 Effect of changes in values of Xon (a) Resonant frequency (b) 
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Fig. 3.7 Effect of variations in the values of Lz on (a) Resonant frequency (b ) 
Rad. pattern in azimuth (6 = 90°) plane
3.2.23 Dimensions of Top Plate
The changes are made in the length and the width of rectangular top 
plate and its effects are observed on the characteristics of FIFA. The width of 
top plate is varied from 38 mm to 50 mm and length of top plate is varied 
from 05 mm to 25 mm while all other parameters are constant at Lg = 60 mm, 
fVg = 50 mm, X = 0 mm, Lz= 0 mm, h = 14 mm, Wf= 15 mm, Ws = 2 mm, Ls 
= 0 mm, Lb = 10 mm and Lu = 0 mm. The simulated and experimental results 
are shown in Figs. 3.8 and 3.9 respectively. The results show that the increase 
in the length or width of top plate decreases the resonant frequency and 
affects the impedance bandwidth. As FIFA is a quarter-wavelength antenna 
so by the increase of either length or width of top plate, the wavelength 
increases and resonant frequency decreases. The small changes in length and 
width do not have a significant effect on the radiation pattern but as we know 
from theory of characteristic modes, the radiation pattern is basically 
dependent on size and shape of top plate [25]. If the shape of the element is 
varied, the resonant frequency and the radiating properties of the modes will
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change.
It is also concluded that the greater the size of the top plate of 
FIFA, the more directed the radiation pattern i.e. the directivity will be higher 
as shown in Fig. 3.9(b).
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42 44 46
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Fig. 3.8 Values of W(mm) vs. resonant frequency (GHz)
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Fig. 3.9 Effect of altering the values of L on (a) Resonant frequency (b) 
Radiation pattern in elevation (0 = 0°) plane
3.2.2A Height of Top Plate
The height of top plate h is varied from 12 mm to 20 mm to 
observe its effect while all other parameters are constant at Lg = 75 mm, Wg = 
65 mm, X = 0 mm, Lz = 0mm, W = 37.5 mm, L = 18 mm, Wf= 10 mm, Ws = 5 
mm, Ls= 0 mm, Lf,= 15 mm and Lu-0 mm. The simulated and experimental 
results are shown in Fig. 3.10. The results show that the increase in height 
decreases the resonant frequency and increases the fractional impedance 
bandwidth, but does not have any significant effect on the radiation pattern. 
The decrease in the resonant frequency is obvious, as h increases the 
wavelength increases. The height of the FIFA can be increased to enhance the 
impedance bandwidth but a small height of the top plate is preferred in 
practice as the antenna has to be small enough to fit it in the chassis of small 
terminal devices. So the height of antenna cannot normally be used to 
enhance the impedance bandwidth in applications.
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Fig. 3.10 Effect of changes in the values of h on (a) Resonant frequency (b) 
Fractional bandwidth (c) Radiation pattern in elevation (0 = 0°) plane
3.2.2.S Distance of Shorting Plate from the Top Plate Edge
The distance of shorting plate from edge of top plate Ls is varied 
from 0 mm to 15 mm to observe its effect on the characteristics of FIFA while 
other are constant at Wg = 75 mm, Lg = 75 mm, L = 20 mm, W = 50 mm, Lb = 
10 mm, h = 12 mm, Ws = 5 mm, Wf= 10 mm, X = 0 mm, Lz = 0 mm and Lu = 
0 mm. The simulated and experimental results are shown in the Fig. 3.11. The 
results show that the increase in Ls increases the resonant frequency and 
changes the fractional impedance bandwidth but has little effect on the 
radiation pattern.
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Fig. 3.11 Effect of variations in the values of Lson (a) Resonant frequency (b) 
Radiation pattern in elevation (0 = 90°) plane
3.2.2.6 Position of Feeding Configuration Under the Top Plate
The position of feeding configuration is changed by altering the 
values of horizontal distance Lb from 5 mm to 75 mm and vertical distance Lu 
from 0 mm io 18 mm to observe their effects on the FIFA characteristics 
while other parameters are constant at Lg = 75 mm, Wg = 65 mm, W = 37.5
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mm, L - 18 mm, h = 12 mm, Wf = 10 mm, Ws = 5 mm, Lz=0 mm, X = 0 mm 
and Ls = 0 mm. The obtained simulated and experimental results are shown 
in Fig. 3.12. The results show that the changes of feeding position under the 
top plate significantly affect the resonant frequency, impedance bandwidth 
and radiation pattern. The increase in horizontal distance between the 
feeding and shorting plates increases the resonant frequency. Similarly the 
increase in the distance between the feed and the upper edge of top plate 
increases the resonant frequency. As we know from the theory of 
characteristics modes that any conducting surface has a number of modes 
which can be excited by selecting suitable positions of the feeding 
configuration; therefore when the feeding position is changed under the top 
plate, a different mode or a number of modes together are excited which 
change the resonant frequency, impedance bandwidth and radiation pattern 
[25]. It implies therefore that the position of feed with respect to the shorting 
plate is very decisive in order to get the desired resonant frequency and high 
impedance bandwidth.
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Fig. 3.12 Effect of variations in the values of Lb and Lu on (a) Resonant 
frequency (b) & (c) Fractional bandwidth (d) Radiation pattern in elevation
(0 = 0°) plane
3.2.2.T Width of Shorting Plate
The width of shorting plate is varied from 1 mm to 20 mm while 
other parameters are constant at Lg = 75 mm, Wg = 65 mm, W = 37.5 mm, L = 
18 mm, h = 12 mm, Wf= 10 mm, Lh = 10 mm, Lz = 0 mm, X = 0 mm, Ls= 0 
mm and Lu — 0 mm and simulated and experimental results are shown in Fig. 
3.13. It can be concluded that variation in the width of shorting plate changes 
the resonant frequency and impedance bandwidth and does not have any 
significant effect on the radiation pattern. The increase in width of shorting 
plate increases the resonant frequency and it can increase the percentage 
impedance bandwidth, but as we increase the width of shorting plate, it 
causes an impedance mismatch that is why bandwidth becomes very narrow 
when Ws = 20 mm as shown in Fig. 3.13(b). Therefore if we want to increase 
the width of shorting plate, the feed position needs to be adjusted every time 
to obtain a sufficient level of impedance matching [15].
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4»=0 for Ws=05mm 
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Fig. 3.13 Effect of changes in the values of Ws on (a) Resonant frequency (b) 
Fractional bandwidth (c) Radiation pattern in elevation (0 = 0°) plane
3.2.2.S Width of Feed Plate
The feed plate width is changed from 6 mm to 14 mm while other 
are constant at Lg = 60 mm, Wg = 50 mm, W = 50 mm, L = 24 mm, h = 14 
mm, Wf= 10 mm, Ws = 2 mm, Lb = 24 mm, Lz = 0 mm, X = 0 mm, Ls = 0mm 
and Lu = 0 mm, and simulated and experimental results are shown in Fig. 
3.14. It is concluded that like the width of shorting plate, the width of feed 
plate changes the resonant frequency and impedance bandwidth and does not 
have any significant effect on the radiation pattern. The increase in the width 
of feed plate increases the resonant frequency and significantly increases the 
fractional impedance bandwidth by 40%. Hence the width of feeding plate 
can be used to increase the impedance bandwidth of FIFA but it is limited by 
the increase of resonant frequency which needs to be adjusted by increasing 
other parameters like the length or width of top plate which will decrease the 
resonant frequency.
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Fig. 3.14 Effect of variations in the values of W/on (a) Reflection coefficient 
(b) Resonant frequency (c) Fractional bandwidth (d) Radiation pattern in
elevation (<P = 0°) plane
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3.3 Empirical Equation of PIFA
It is well-known that for a monopole antenna, the desired length is 
quarter-wavelength since it is resonant in this case. Using the same analogy, 
the following empirical equation was proposed for finding the resonant 
frequency of PIFA [7, 26-27].
fo
_______C_______
4(W + L )
(3.1)
where c is the speed of light, L and W are the length and width of the top 
plate of PIFA and To is the resonant/operating frequency. This equation means 
that the sum of the length and width of the top plate should be quarter- 
wavelength. However, it is actually a very rough approximation and does not 
cover all the parameters which significantly affect the resonant frequency of 
PIFA as it will be shown later. It can hardly be used to guide the design in 
practice, thus a more accurate, robust and comprehensive design equation is 
required. In [17], an effort was made to incorporate some parameters of the 
antenna (other than W and L) in the evaluation of resonant frequency. In 
particular, the width of the shorting plate (Ws) was incorporated with two 
degrees of freedom. The formula is given as follows for Ws > 20 mm:
tc —_______________ _______________________ rn
4[L + M + Kx{W-Wsf ^Ki{W-Ws)) y'}
where AL ~ 2.741, kj = 0.0188 and Ic2 = 0.0767. Note that this equation has a 
resfricted application due to the condition on JVS. This equation also does not 
cover all the significant parameters of PIFA which affect the resonant 
frequency.
Based on our comprehensive parametric study, a large database of 
different set of parameters using different ground plane dimensions is created 
and a new empirical equation is derived to find the centre frequency by using
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the function ‘nlinfit’ (Nonlinear least-squares data fitting by the Gauss- 
Newton method) of MATLAB, taking into account all those parameters 
which significantly affect the value of the resonant frequency as seen in Figs. 
3.4-3.14. These parameters are length, width and height of the top plate, 
widths of shorting and feed plates, and locations of shorting plate and feeding 
configuration under the top plate. Only horizontal distances of locations of 
shorting and feed plates are chosen. The vertical distances of feed and 
shorting plates from the edge of top plate are neglected to make the equation 
simple and also because their role is found not as significant as compared to 
the horizontal distances. The new proposed equation is therefore obtained as 
follows.
3W + 5.6L + 3Jh-3Wf -3.7Ws~4.3Lh-2.5LS K J
where W9 L and h are the width, length and height of the top plate 
respectively. W/and Ws are the widths of feed and shorting plates whereas Li 
is the horizontal distance between these plates and Ls is the distance of 
shorting plate from side edge of the top plate.
Fig. 3.15 shows the comparisons for predicting the operational 
frequency of FIFA among equation (3.1), equation (3.2) and the new 
empirical equation (3.3) for the changes in the values of length, width and 
height of the top plate of FIFA, with the feed at the top edge of top plate and 
the simulated resonant frequencies are taken as the actual operational 
frequencies. The comparisons show that the equations (3.1) and (3.2) give 
poor prediction of the operational frequency of the FIFA and the predictions 
are the poorest when changes are made in the parameters other than the 
length, width of the top plate and width of the shorting plate. It is evident that 
the new empirical equation gives a much better prediction of the resonant 
frequency than the previous two equations. There is no significant effect on 
the resonant frequency even if we replace the thin FR4 substrate with ah as 
shown in Fig. 3.15. In some configurations of FIFA, the shorting plate is used
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at edge of the top plate and the feeding configuration is vertically downward 
under the top plate [15-18, 28]. In this case, the horizontal distance Lb should 
be taken between the feed plate and one side edge of the top plate and the 
equation still holds. Fig. 3.16 shows the comparisons for prediction of the 
operational frequency of FIFA for changes in the widths of feed [28] and 
shorting plates [16,18] when the feed is provided in the middle of the top 
plate. On average, as compared to the old empirical equation, the new 
proposed equation provides 35% more accuracy in predicting the operational 
frequency of the FIFA. This new equation can provide much more accurate 
prediction of the resonant frequency when the whole FIFA structure is placed 
on the edge of ground plane and the feed is provided at the upper edge of the 
top plate i.e. X = Lz = Lu= 0 mm. We can have even better prediction of the 
resonant frequency by adding the dimensions of ground plane in above 
equation but these dimensions are ignored due to the fact that the resonant 
frequency is less affected by the variations of these dimensions and also it 
will make the equation complex. This new equation gives the prediction of 
the first resonant frequency of the antenna. It has been tested that the new 
equation can be applied for normal applications where the antenna size is 
smaller than one wavelength, i.e., h+W+L< 1.
■S— Actual tjj 
— Predicted f0 (eq. 1)
-e— Predicted fQ (new)
— Predicted tjj (eq. 2)
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Length L [mm]
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Fig. 3.15 Comparisons among equations 1 and 2 and new equation for 
different values of (a) length of top plate L (b) width of top plate W (c) height
of top plate h
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Fig. 3.16 Comparisons among equations 1 and 2 and new equation for 
different values of (a) width of feed plate Wf(b) width of shorting plate Ws
3.4 Summary
In this chapter, it is shown that the FIFA characteristics are affected 
by a number of parameters. The conclusions of this parametric study are 
summarized as follows.
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1. The radiation pattern of FIFA is basically dependent on the size and shape 
of top plate and is affected by the dimensions of ground plane and the 
position of FIFA on the ground plane.
2. By increasing the length, width or height of top plate, the resonant 
frequency decreases.
3. By increasing the height of top plate, fractional impedance bandwidth 
increases but as FIFA needs to be low profile so it limits the height to be used 
for increasing the impedance bandwidth.
4. The greater the size of top plate, the radiation pattern will be more 
directive which means that it will have a higher gain and directivity as well. 
If we decrease the size of length or width of top plate, then directivity of 
antenna decreases and intensity of radiation pattern behind the ground plane 
increases.
5. By increasing the widths of shorting plate or feed plate, the distance of 
shorting plate from edge of top plate and the horizontal distance of feeding 
position from shorting plate, the resonant frequency increases.
6. The width of feeding plate is very effective in achieving the broadband 
FIFA. As increase in feeding and shorting plates increase the resonant 
frequency, so the size of shorting plate should be narrow and size of feeding 
plate should be larger to get the maximum impedance bandwidth.
7. The resonant frequency is also affected by the ground plane dimensions 
and position of FIFA on the ground plane.
8. The minimum total ground dimensions for maximum impedance 
bandwidth should be equal or greater than 7J2 i-e length + width of ground 
plane > V2.
9. A new empirical equation is presented for predicting the resonant 
frequency of FIFA. The average percentage error found between the 
predicted and the actual operational frequencies is less than 3%.
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CHAPTER
4
Bandwidth Enhancement 
Techniques of FIFA
4.1 Introduction
The planar inverted-F antenna (FIFA) is widely used in mobile 
systems due to its excellent performance. However, FIFA is generally 
considered a narrow band antenna and significant amount of effort has been 
made to broaden its bandwidth. It was shown that the height [1], shorting 
plate width [2], meandered shorting strip [3], tapering of top plate and T- 
shaped ground plane [4-5] and diversely shaped feed plates (of up to about 
25% fractional bandwidth) [6] can be used to increase the impedance 
bandwidth. But they did not investigate the size of the feed plate. This study, 
as part of a comprehensive study of the FIFA antenna, investigates the effects 
of changing both the widths of the rectangular feed plate and shorting plate
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on the impedance bandwidth of FIFA. It is found that much wider bandwidth 
than previously reported can be achieved and the FIFA may be regarded as a 
wide (or even ultra-wide) band antenna if the correct widths of the feed and 
shorting plates are chosen. The proposed approach seems to be the simplest 
and the most practical way of getting the maximum impedance bandwidth 
than the previously reported methods. Furthermore, the impedance bandwidth 
is increased even further by introducing small parasitic elements at
appropriate places on ground plane of FIFA.
4.2 PIFA Bandwidth Enhancement by Changing the Widths of 
Feed and Shorting Plates
4.2.1 Antenna Configuration
The configuration of a typical PIFA shown in Fig. 4.1 is chosen 
for this study. The radiating top plate has dimensions W^L and ground plane 
dimensions are WgxLg. There is a substrate of thickness t = 1.0 mm between 
the rectangular ground plane and feed plate. The antemia height h is also 
filled with ah (free space). The shorting plate has dimensions Wsx(h+t) and 
feed plate has dimensions W/xh. The horizontal distance between shorting 
and feed plates is Lb. The software package used for simulation is Ansoffs 
High Frequency Structure Simulator (HFSS) based on the Finite Element 
Method.
4.2.2 Simulated and Experimental Results
The effect of changing the width of feed plate on the fractional 
bandwidth is shown in Fig. 4.2. It is evident that increasing the width of the 
feed plate increases the fractional bandwidth up to a certain value and then 
further increase in feed plate width decreases the fractional bandwidth. So an 
optimum value for the width of feed plate should be selected for achieving 
the maximum impedance bandwidth. Similarly the effect of changing the
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width of shorting plate on the fractional bandwidth is investigated and the 
result is shown in Fig. 4.3 for Wf= 5mm. Simulated and measured results are 
in good agreement. It is obvious that increasing the width of shorting plate 
increases the fractional bandwidth up to 25% only and then further increase 
decreases the fractional bandwidth for a given feed plate. Thus there should 
also be an optimum width of shorting plate.
Ground plane
Top plate
Feed plate
Fig. 4.1 Geometry of FIFA
eo -
— Measured
— Simulated50 -
10 15 20
Values of W. [mm]
Fig. 4.2 Values of feed plate width vs. fractional bandwidth
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Measured
Simulated
Values of W [mm]
Fig. 4.3 Values of shorting plate width vs. fractional bandwidth for Wf = 5
mm
All the parameters of FIFA should be optimized in order to get the 
maximum impedance bandwidth. For example, if the center frequency is 
around 2.2 GHz, the optimized values of all the parameters are found as 
follows: Wf= 18 mm, Wg = 40 mm, Lg = 60 mm, W = 40 mm, L = 20 mm, h = 
10 mm, Ws = 2 mm and Lb — 15 mm. It is found that ground plane dimensions 
are very decisive in achieving the maximum bandwidth. Furthermore the 
FIFA structure is placed at the edge of ground plane which will result in 
lower value of Q (Quality factor) and high impedance bandwidth.
The simulated and experimental results of the reflection 
coefficient are shown in Fig. 4.4. It is evident that the bandwidth achieved by 
this technique for Sn < -10 dB is extremely broad with a fractional 
bandwidth of 65%, from about 1.6 GHz to 3 GHz which covers the 
frequencies of most of the current mobile applications (GSM, PCS, DCS, 
UMTS, WLAN, WiMax and Bluetooth).
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-----Measured
Simulated
O -20
-35
-45 -
Frequency [GHz]
Fig. 4.4 Reflection coefficient (SI 1) in dB vs. frequency in GHz
To understand how the antenna works, an approximate equivalent 
circuit of the proposed FIFA antenna is developed and shown in Fig. 4.5. The 
feed plate and top radiating plate is replaced by a series resistor Rj and a 
series inductor Lj and a capacitor C/ in parallel with series combination of Rj 
and Z,/. The shorting plate is replaced by a series combination of a resistor R2 
and an inductor T?- This series combination of R2 and L2 is in parallel to a 
capacitor C2 which is due to the coupling between the top plate and the 
ground plane and space (air) between these two acts as a dielectric. As 
lumped elements cannot fully describe the behavior of distributed elements, 
so it cannot predict the behavior of this FIFA antenna over the whole 
frequency range. However, the values of the lumped elements can be 
approximated for a certain frequency. For example, if/= 2.5 GHz then the 
values of the lumped elements are as follows: Ri = 25 Q, Li = 0.1 nH, Cj = 
0.1 fF, R2 = 15 Q, L2 = 0.5 nH and C2 = 1.87 pF. For these values, the 
equivalent impedance of this equivalent circuit {Zequivaient = 44.1 +i 0.8483) is 
almost same as the simulated values of input impedance {Zin = 44 + i 0.84) of 
the FIFA antenna.
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o.
Fig. 4.5 Equivalent circuit of the proposed FIFA antenna
The 3D simulated polar plot of radiation pattern of this FIFA 
antenna at 2.5 GHz is shown in Fig. 4.6 and the measured radiation patterns 
of this antenna as shown in Fig. 4.7 are similar to that of a conventional FIFA 
as changing the widths of feed and shorting plates do not have significant 
effects on the gain and radiation pattern of the antenna. It is evident that the 
resultant FIFA antenna has a directional radiation pattern. The average 
simulated radiation efficiency of this FIFA antenna is about 85% with the 
peak efficiency of 95%. It can be concluded that a properly configured FIFA 
antenna can be made as a broadband antenna.
dBi
3.67 
2.85 
2.0J4 -
0.488
-35.5
Y
Fig. 4.6 3D simulated polar plot of radiation pattern of FIFA at 2.5 GHz
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15° 0° -15°
f=2GHz
f=3GHz
(a) XZ plane (0 = 0°) 
15° 0<> -15°
f=2GHz
f=3GHz
(b) XY plane (0 = 90°)
Fig. 4.7 2D measured radiation patterns in dB scale for different planes and
different frequencies
Planar Inverted-F Antennas for Wireless Communication
The overall antenna size is larger than the radiating plate. The effect 
of ground plane dimensions is very significant in achieving the maximum 
bandwidth. Fig. 4.8 shows the effect of changing the length of the ground 
plane on the reflection coefficient of the antenna. Thus there exists an optimal 
ground plane dimension for maximum impedance bandwidth. However, it is 
found by extensive simulations with different ground plane dimensions that 
the 50% fractional impedance bandwidth can be achieved for any given 
ground plane dimensions with the given technique by changing and 
optimizing the other parameters.
o -10
Frequency [GHz]
Fig. 4.8 Reflection coefficient [Sn] for different values of the length of
ground plane
4.2.3 Reason for Bandwidth Enhancement
The question now is: why can the bandwidth of the FIFA be 
significantly increased using the proposed technique? As we know, the 
impedance bandwidth of a half-wavelength dipole can be significantly 
increased by increasing its diameter. We believe for the same reason that the 
impedance bandwidth of FIFA can also be improved by increasing the size of 
feed plate. Fig. 4.9 shows the real and imaginary components of impedance Z 
of FIFA versus frequency. It is evident that by increasing the width of feed
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plate, the impedance changes slowly around the resonant frequency which 
means an increase in the impedance bandwidth of the antenna.
— Wf = 10mm
— Wf = 18mm _
5 350
<D 300
Q. 150
Frequency [GHz]
(a) Resistance
W. = 2mm
— Wf = 10mm 
-----W. = 18mm
-600 -
Frequency [GHz]
(b) Reactance
Fig. 4.9 Input Impedance Z as a function of the frequency for different widths
of feed plate
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4.3 Bandwidth Enhancement of FIFA by Adding an Inverted- 
L Shaped Parasitic Element
The ultra wide band (UWB) transmission system as approved by 
Federal Commumcations Commission is defined as a device with a fractional 
bandwidth in excess of 20% or having an impedance bandwidth greater than 
500 MHz with a carrier frequency in the range of 3.1 GHz to 10.6 GHz [7-8].
This study is an extension of our previous study in which 65% 
impedance bandwidth is achieved by ontaining optimal ground plane 
dimensions and setting the widths of feeding and shorting plate to the right 
values. It further enhances the impedance bandwidth by investigating the 
effect of adding a parasitic element on the impedance bandwidth of FIFA 
whereas all other parameters are already optimized [9]. The approach of 
adding a parasitic element was used in the case of wire type of antennas [10- 
11] but here it is used in a planar antenna. It is found that a very wider 
bandwidth is achieved by this technique and the FIFA may be used as an 
ultra-wide band antenna. The proposed technique is also suitable for 
fabrication of FIFA antennas at a large scale.
4.3.1 Antenna Configuration
The configuration of the FIFA is shown in Fig. 4.10. The radiating 
top plate has dimensions WxL and ground plane dimensions are WgxLg. 
There is an air substrate of thickness t = 1.0 mm between the rectangular 
ground plane and feed plate. The antenna height h is also filled with air (free 
space). The shorting plate has dimensions Wsx(h+t) and feed plate has 
dimensions WfX-h. The horizontal distance between shorting and feed plates is 
Lb- The distance between parasitic element and feed plate is Dc. The 
thicknesses of the parasitic element are tci and tc2 as shown in Fig. 4.10. The 
height of the parasitic element is (h+t)-d where d is the vertical distance 
between the top plate and the element.
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Top plate
Feed plate
Fig. 4.10 Geometry of FIFA
4.3.2 Simulated and Experimental Results
The parameters of FIFA are optimized first to produce the 
maximum impedance bandwidth without adding the parasitic element which 
are as follows: Wf= 18 mm, Wg = 40 mm, Lg = 60 mm, W = 40 mm, L = 20 
mm, h = 10 mm, Ws = 1 mm and Lb = 12 mm.
Now the parasitic element is added at a distance Dc= 1 mm from 
feed plate in such a way that it creates a second resonant frequency at such 
value that the reflection coefficient Sn remains below -10 dB level. The 
thickness of the parasitic element is tcI = tc2 = 1mm and the height of this 
element is (h+t)-d -10.5 mm where d = 0.5 mm. The horizontal increase of 
this element is Cz, = 5 mm and the simulated and measured results are shown 
in Fig. 4.11. Simulated and measured results are in good agreement. It is 
evident that the bandwidth achieved by this technique for S11 <-10 dB is 
extremely broad with a fractional bandwidth of more than 100%, from about 
1.6 GFIz to 4.45 GHz. The 3D simulated polar plot of radiation pattern of this 
FIFA antenna at 3 GHZ is shown in Fig. 4.12.
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Measured
Simulated
Frequency [GHz]
Fig. 4.11 Reflection coefficient (Sn) in dB vs. frequency in GHz with the 
addition of parasitic element
dBi
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3.*2 
2.44 
1 .47 
0.488 
-3.15 
-9.44 
-15.7 
-22 
-28.3 
-34.6
y
Fig. 4.12 3D simulated polar plot of radiation pattern of FIFA at 3 GHz
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The effect of changing the dimensions of ground plane is shown in 
Fig. 4.13 which shows that the dimensions of ground plane are very critical 
and by changing the length of ground plane changes the resonant frequency 
as well as impedance bandwidth. If the value of ground plane is changed then 
other parameters need to be adjusted to get the maximum impedance 
bandwidth. For example, if the length of ground plane is changed to 80 mm 
which is the worst case in Fig. 4.13, then some other parameters are modified 
as Wf= 22 mm, Lb = 9 mm, Ci~ 3 mm. The fractional bandwidth achieved in 
this case is about 80%.
O -20
DC -30
Frequency [GHz]
Fig. 4.13 Reflection coefficient Sn in dB versus frequency in GHz for
different Values of Lg
Now to find the reason of such a wide impedance bandwidth of the 
FIFA using the proposed techniques, the Smith chart of the FIFA antenna 
without (Fig. 4.1) and with the parasitic element (Fig. 4.10) are shown in 
Figs. 4.14 and 4.15(a) respectively. It is evident that by the addition of the 
parasitic element, multiple resonances are created (Fig. 4.15(a)) and 
imaginary component of input impedance does not change significantly and 
remain around zero due to which impedance bandwidth of the antenna 
increases (Fig. 4.15(b)).
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Fig. 4.14 Simulated Smith chart for impedance bandwidth of FIFA antenna 
without adding the parasitic element
10 oo to
(a)
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Real Part
N 100
2.5 3 3.5
Frequency[GHz]
(b)
Fig. 4.15 Impedance Z of FIFA antenna with the parasitic element on (a) 
Smith chart (b) Linear Graph versus frequency in GHz
4.3.3 Ultra Wideband Planar Inverted-F Antenna with One 
Parasitic Element
Using this technique, a FIFA antenna is made and tested for ultra 
wide band applications. The parameters for this FIFA antenna are as follows: 
Wg = 18.5 mm, Lg = 28 mm, W = 18.5 mm, L = 9.5 mm, h = 4.5 mm, Wf= 8.5 
mm, Ws = 0.5 mm, Lb = 5.5 mm, Dc= 0.5 mm, tci = tC2 =0.5 mm, (h+t)-d = 5 
mm and Cl = 2.5 mm. The simulated and measured results are shown in Fig. 
4.16 which are in good agreement and the difference is due to the reasons 
described above.
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---------- Measured
---------- Simulated
-10 -
-20 -
Frequency [GHz]
Fig. 4.16 Reflection coefficient Sn in dB versus frequency in GHz
It is evident that the bandwidth achieved by these techniques for 
Sii < -10 dB is extremely broad with a fractional bandwidth of more than 
102%, from about 3.35 GHz to 9.4 GHz for simulated and from about 3.1 
GHz to 9.7 GHz for measured.
In addition to the equivalent circuit shown in Fig. 4.5, a capacitor 
Cj, an inductor L3 and a resistor R3 are added in parallel due the addition of a 
parasitic element as shown in Fig. 4.17. The capacitor C3 is due to the 
coupling between the top plate and the parasitic element and the parasitic 
element itself is replaced with a series combination of a resistor R3 and an 
inductor L3. If / = 5 GHz then the values of the lumped elements are as 
follows: Rj = 42 Q, L1 = 0.1 nH, Cj = 0.1 fF, R2 = 20 Cl, L2 = 0.5 nH, C2 = 30 
pF, R3 = 5 Cl, L3 = 0.5 pH, C3 = 15 pF. For these values, the equivalent 
impedance of this equivalent circuit (ZeqUiVaient = 40.9-il.99) is almost same as 
the simulated values of input impedance (Z,„ = 39.82-il.91) of the FIFA 
antenna.
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c1
Fig. 4.17 Equivalent circuit of the proposed UWB FIFA antenna with a
parasitic element
The 3D simulated polar plot of radiation pattern of UWB FIFA at 6 
GHZ is shown in Fig. 4.18 and the 2D polar plots of the measured radiation 
patterns of this antenna at different frequencies in dB scale are shown in Fig. 
4.19 for different planes.
dBi
5.03
*.11
3.2
2.28
1.37
0.457
-3.18
-9.54
-15.9
-22.3
-28.6
-35
Fig. 4.18 3D simulated polar plot of radiation pattern of UWB FIFA at 6 GHz
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15° 0° -15°
f=4GHz
f=6GHz
f=8GHz
(a) XZ (0 = 0°) plane
f=4GHz
f=6GHz
f=8GHz
(b) ZY (0 = 90°) plane
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f=4GHz
f=6GHz
f=8GHz
(c) XY (6> = 90°) plane
Fig. 4.19 2D measured radiation patterns in dB scale for different planes and
different frequencies
4.4 Addition of a Rectangular Shaped Parasitic Element
Just like an inverted-L shaped parasitic element, further bandwidth 
enhancement of PIFA shown in Fig. 4.10 can be achieved by adding a 
rectangular shaped parasitic element between the shorting plate and the feed 
plate as shown in Fig. 4.20. This rectangular parasitic element is inserted at 
the edge of the ground plane at a distance Dcj = 6 mm from the shorting plate. 
The width of this element is tC3 = 3 mm. The height of this rectangular 
element is the same as that of inverted-L parasitic element, i.e. (h+t)-d =10.5 
mm.
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Top piste
Feed plate
| <-> -H K-
Fig. 4.20 Geometry of FIFA with the two parasitic elements
The simulated and measured results are shown in Fig. 4.21. The 
simulated and experimental results are quite similar. It is evident that the 
measured bandwidth achieved by this technique for Sn < -10 dB is extremely 
broad with a measured fractional bandwidth of about 110%, from about 1.6 
GHz to 5.3 GHz while the simulated is about 120%.
Measured
Simulated
-10 —
-15 -
-20 -
■25 -
-30 -
-35 -
Frequency[GHz]
Fig. 4.21 Reflection coefficient (SI 1) in dB versus frequency in GHz with the 
addition of two parasitic elements
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The equivalent circuit for the FIFA antenna with two parasitic 
elements is shown in Fig. 4.22. Similar to the equivalent circuit shown in Fig. 
4,19, a capacitor C4, an inductor and a resistor R4 are added due the 
addition of the rectangular shaped pamsitic element.
R. Li
Fig. 4.22 Equivalent circuit of the FIFA antenna with two parasitic elements
It can be concluded that a properly configured FIFA antenna with 
tire additions of two parasitic elements can be made as a very broadband 
antenna. The 3D simulated polar plot of radiation pattern of FIFA antenna at 
3.5 GHZ is shown in Fig. 4.23 and the 2D polar plots of the measured 
radiation patterns of this antenna at different frequencies are shown in Fig. 
4.24 for different planes in dB scale.
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Fig. 4.23 3D simulated polar plot of radiation pattern of FIFA at 3.5 GHz
f=2GHz
f=3GHz
f=4GHz
(a) XZ (0 = 0°) plane
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f=2GHz
f=3GHz
f=4GHz
(b) YZ (0 = 90°) plane
f=2GHz
f=3GHz
f=4GHz
(c) XY {6 = 90°) plane
Fig. 4.24 2D measured radiation patterns in dB scale for different planes and
different frequencies
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The Smith chart of the PIFA antenna with the inverted-L shaped and 
rectangular shaped parasitic elements is shown in Fig. 4.25. It is evident that 
by the addition of these parasitic elements, multiple resonances are created 
due to which the impedance bandwidth of the antenna increases.
1 00
Fig. 4.25 Simulated Smith chart for impedance bandwidth of PIFA antenna 
with the two parasitic elements
4.4.1 Ultra Wide Band PIFA with the Two Parasitic Elements
The ultra wide band PIFA with one parasitic element discussed in 
the last article has a deficiency that it does not cover the full ultra wide band 
from 3.1 GHz to 10.6 GHz. For this reason, an ultra wide band PIFA with 
two parasitic elements (inverted-L shaped and rectangular shaped) is 
developed and tested. All the parameters are the same as in the article 4.3.3, 
now a rectangular shaped parasitic element is inserted at a distance DC] = 3 
mm from the shorting plate. The simulated and measured results of Sn are 
shown in Fig. 4.26. It can be seen that this UWB PIFA covers the ultra wide 
band from 3.5 GHz to 10.7 GHz.
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Measured
Simulated
-W...
Frequency [GHz]
Fig. 4.26 Reflection coefficients Sn versus frequency in GHz
The 3D simulated polar plot of UWB FIFA at 6 GHZ is shown in Fig. 4.27 
and the 2D polar plots of the measured radiation patterns of this UWB FIFA 
antenna are shown in Fig. 4.28.
dBi
Fig. 4.27 3D simulated polar plot of radiation pattern of UWB FIFA with two
parasitic elements at 6 GHz
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<[)=0 for f=4GHz 
<$>=0 for f=6GHz 
<f>=0 for f=8GHz
(a) XZ {0 = 0°) plane
15° 00 -15°
4>=90 forf=4GHz 
4>=90 forf=6GHz 
4>=90 for f=8GHz
(b)YZ (0 = 90°) plane
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e=90 for f=4GHz 
9=90 for f=6GHz 
9=90 for f=8GHz
(c) XY (6 = 90°) plane
Fig. 4.28 2D measured radiation patterns in dB scale for different planes and
different frequencies
4.5 Summary
The FIFA was generally considered a narrowband antenna. This 
prior fact led to the invention of multiple band PIFAs during the last decade. 
We have shown that the FIFA can be a broad band antenna and have proved 
this via three different bandwidth enhancement techniques. The first 
technique describes that very broadband (up to 65% fractional bandwidth) 
can be achievable for a FIFA antenna by taking optimal dimensions of 
ground plane and selecting the right values for the feed and shorting plates. It 
is shown that shorting plate should be narrowed and feed plate should be 
broadened in order to increase the bandwidth of FIFA.
The second bandwidth enhancement technique involves the 
addition of an inverted-L shaped parasitic element at a right place. The 
concept used is to place the parasitic element at a position to produce a 
second resonance such that reflection coefficient remains below -10 dB
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leference level. It is shown that up to 102% fractional bandwidth can be 
achieved by the use of this technique. An ultra wide band FIFA antenna is 
fabricated and measured using this technique which covers the frequency 
range from 3.35 GHz to 9.4 GHz (simulated). It does not cover the frill ultra 
wide band due to which a third technique is introduced.
The third bandwidth enhancement technique also involves the 
addition a parasitic element but the shape of this parasitic element is 
lectangulai. It is shown that due to addition of this parasitic element, more 
than 120% fractional bandwidth is achieved. An ultra wide band FIFA with 
two parasitic elements is made and tested and it covers almost the full UWB 
band from 3.5 GHz to 10.7 GHz.
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CHAPTER
5
MIMO Systems and Diversity
In this chapter, the stemming of the capacity of wireless channels 
from the SISO system to MIMO system is discussed. Two popular signaling 
schemes used to exploit the MIMO systems are described. Then the definition 
of diversity, diversity combining techniques, the different methods of 
diversity techniques, the role of correlation and mutual coupling on diversity 
gain are described.
5.1 SISO System
In a conventional wireless communication system, there is only 
one antenna at both the transmitter and the receiver, which is called the 
Single-Input Single-Output (SISO) system. This system suffers a bottleneck 
in terms of capacity due to the Shannon-Nyquist criterion [1] which describes 
that either signal power or bandwidth is to be increased in order to increase 
the capacity. The received channel signal in a multi path environment with no
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LOS is normally distributed (complex Gaussian). The amplitudes of that 
signal are Rayleigh distributed, the phase is uniformly distributed over 2n and 
the power is exponentially distributed [2-3].
5.2 MIMO System
Recent developments have shown that MIMO system can increase 
the capacity of wireless channel substantially without increasing the 
transmitted power and bandwidth [4-6]. Unlike the SISO system, the MIMO 
exploits the multi-path fading to increase the system capacity. In the MIMO 
systems, multiple antenna elements are required at both the transmitter and 
the receiver, as shown in Fig. 5.1.
1
2
nR
Fig. 5.1 A MIMO system created by two antenna arrays, comprising nj 
transmit and nR receive elements
Fig. 5.1 shows a MIMO system with nj transmit elements and nR 
receive elements. For a narrowband channel, the complex transmission
coefficient between element k G [1,..... . nT] at the transmitter and element] G
[l,....,nR] at the receiver at time t is represented by hjk(t). A matrix containing 
all channel coefficients (channel coefficient matrix, H (t)) can be shown as:
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hn(i) hn(t) ... hlnT(£)
^nm • ■ • hn!lnT (t)
(5.1)
Hence, a system transmitting the signal vector x(t) = [xl(t),
X2(t),....,xni{t)]T, where xk(t) is the signal transmitted from the kth element
would result in signal vector y(t) = [yi(t),y2(t),........ ynR(t)]T being received,
where y(t) is the signal received by the jth element, and
Y(t) = H(t) x(t) + n(t) (5.2)
where n(t) is additive white Gaussian noise.
5.2.1 MEMO System Capacity
With the assumption that no channel state information exist at the 
transmitter and that the transmit power is equally allocated to all n antennas; 
the channel capacity of a narrow band (n, n) MIMO system is given by 
Foschini [6].
<7(0 = log2 det IN +
n bits / s / Hz (5.3)
Where p donates the average SNR at each receiver, det denotes the 
determinant, and In denotes the identity matrix and His the normalized nxn 
channel matrix.
The channel matrix H in the MIMO systems capacity of 
equation (5.3) is the mathematical representation of the physical 
transmission path, which includes the multipath channel characteristics of 
the physical environment and the antenna configurations. Therefore the 
multipath channel characteristics and the antenna configurations play a 
key role in determining the communication performance in a MIMO
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system. For matrix Ht its singular value decomposition (SVD) is expressed 
as
UJ/I (5.4)
where NrxNr matrix U and the NtxNt matrix Vare unitary matrices and X 
is an NrxNt diagonal matrix of the singular' values 6, of H. The rank of H is 
equal to its number of non-zero singular values. The power gain of the ith sub­
channel is A,i = 6/25 where is also the ith largest eigen value of HHh, equation 
(5.3) becomes
= log2 det IN n
n
X]lc,g2 bits/s/Hz (5.5)
According to the above equation, when the channel exhibits rich 
scattering, the MIMO system can achieve almost min (nr, ur) more bits per 
hertz for every 3 dB increase in SNR. This is a great improvement over the 
single antenna case which achieves one additional bit per hertz for every 3 dB 
increase in SNR [10-12].
5.2.2 Spatial Multiplexing
Spatial multiplexing (SM) is a signaling scheme where 
independent data streams are transmitted simultaneously in parallel channels 
from each element in an array of antennas. The basic principle of SM is 
illustrated by examining a system with two elements at the transmitter and 
two elements at the receiver below.
Firstly, the bit stream of data to be transmitted is de-multiplexed 
into two sub-streams, then modulated and transmitted simultaneously from 
each transmit antenna as shown in Fig. 5.2. If the propagation channels are 
uncorrelated, the signals that arrive at the receive antenna are well separated. 
Assuming that the receiver has knowledge of the channel, it can differentiate 
between the co-channel signals and extract both signals. After demodulating
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the received signals, the original sub-streams can be combined to yield the 
original bit stream of data. Therefore, the spatial multiplexing increases the 
channel capacity with the number of transmit-receiver antenna pairs [5]. This 
concept can be extended to more general MIMO channels. If the number of 
elements at the transmitter, nr and the receiver riR are not equal, the maximum 
parallel channels that can be achieved in an ideal MIMO system is min (nr, 
nR). A spatial multiplexing scheme called Bell labs Layered Space-Time 
(BLAST) proposed by Bells Labs was first widely publicized in 1996 [5]. 
Considerable research activities have been carried out to show that the spatial 
multiplexing concept has the potential to significantly increase spectral 
efficiency [13-14]. Further research has been carried out on creating and 
evaluating enhancements to the spatial multiplexing concepts, such as 
combining with other modulation schemes like OFDM (Orthogonal 
Frequency Division Multiplexing) [15-17]. In general, this technique assumes 
channel knowledge at the receiver and the performance can be further 
improved when the knowledge of the channel response is available at the 
transmitter [18-19],
Fig. 5.2 A 2x2 MIMO system with a spatial multiplexing scheme.
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5.2.3 Space-Time Coding
An alternative method of exploiting MIMO channels, known as 
space-time coding, has also recently generated large amounts of research 
[20-22]. This method aims to improve the system's performance by 
exploiting the multiple element antennas for diversity gain rather than for 
the spatial multiplexing gain of parallel data streams. It increases network 
throughput by selecting quality signal paths such that higher data rates can 
be achieved and avoiding signal paths that are likely to produce packet 
errors and retransmissions.
A space-time coded transmitter differs from that of a spatial 
multiplexing system in that a single data stream is encoded across both time 
and space to produce the symbol streams for each transmit element as 
shown in Fig. 5.3. Appropriate decoding at the receiver allows a diversity 
gain to be achieved. This method is particularly attractive as it does not 
require channel knowledge in the transmitter. The resulting diversity gain 
improves the reliability of fading wireless links and hence improves the 
quality of the transmission.
101001
Antenna 1Antenna 1
Multipath
Environment
Antenna 2 Antenna
101001
101001
Original message Receive
message
101001
Fig. 5.3 A 2x2 MIMO system with a space-time coding scheme.
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5.3 Diversity
One well known method of reducing the effects of fading is the use of 
diversity reception techniques. The basic concept of diversity is that the receiver 
should have available more than one version of the transmitted signal, where each 
version is received through a distinct channel. If the fade in each of these paths is 
uncorrelated then the occurrence of obtaining simultaneous deep fade in each path 
is greatly reduced. An N branch diversity system can suppress up to N-l 
interfering channels. The diversity performance depends on the number of 
diversity branches, the correlation between the branches, the difference in the 
received signal levels of the branches and the diversity increases as correlation and 
the difference in signal levels decreases [23-24].
Diversity can only be used in the multipath fading environment. In a 
line-of-sight (LOS) environment, it is impossible to get diversity gain as no 
multipath waves can be generated. Objects surrounding the transmitter and 
receiver reflect and scatter the signals causing multipath with the waves arriving at 
the receiving along different paths. Rayleigh fading or small-scale fading occurs 
when there are only non-line-of-sight (NLOS) paths and no line-of-sight (LOS) 
path exists. If a line-of-sight (LOS) signal exists at the receiver along with the 
various multipath signals, the fading is usually a Rician fading. An example of 
different paths is shown in Fig. 5.4.
Object I
NLOS
NLOS
ReceiverTransmitter
NLOS
Fig. 5.4 Line-of-sight (LOS) and non-line-of-sight (NLOS) propagation
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5.3.1 Diversity Combining Techniques
There are four different types of diversity combining techniques [25].
• Switched combining
• Selection combining
• Equal gain combining (ECG)
• Maximum ratio combining (MRC
5.3.1.1 Switched Combining
The switched combining technique requires only one receiver radio 
between the N branches as shown in Fig. 5.5. The receiver is switched to other 
branches only when the SNR on the current branch is lower than a predefined 
threshold. Whereby, other combining techniques require N receivers to monitor the 
received instantaneous signals level of every branch when there are N element 
antennas. Due to size restrictions, battery life and complexity, the switched 
combining technique is presently implemented in mobile terminals with diversity 
antennas [26]. The optimum performance that a switched combiner can achieve is 
similar to that of a selection combiner.
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Antenna 1
Switch
Antenna 2
Output
Receiver
Antenna 3
Fig. 5.5 Block diagram of switched combining for N branches/antenna elements
with only one receiver.
5.3.1.2 Selection Combining
The selection combining technique is similar to the switched 
combining technique except that N receivers are required to monitor 
instantaneous SNR at all branches. The branch with the highest SNR is selected 
as the output signal.
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Antenna 1
Receiver
Select the highest 
SNR
Antenna 2
Output
Receiver
Receiver
Monitor SNR
Fig. 5.6 Block diagram of selection combining for N branches/antenna elements.
5.3.1.3 Equal Gain Combining (EGC)
Both switched and selection combining techniques only use the 
signal from one of the branches as the output signal. In order to improve SNR at 
the output, the signals from all branches are combined to form the output 
signal. However, the signal from each branch is not in-phase.
Therefore, each branch must be multiplied by a complex phasor 
having a phase where 0, is the phase of the channel corresponding to branch 
i (i.e. co-phased) as shown in Fig. 5.7. When this is achieved, all signals will 
have zero phases and are combined coherently.
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Antenna 1 e exp(-j01)
Antenna 2
e exp(-j02)
Output
e exp(-j0N)Antenna N
Co-phasing
Fig. 5.7 Block diagram of equal gain combining for N branches / antenna
5.3.1.4 Maximum Ratio Combining (MRC)
In the equal gain combining technique, all the branches may have 
different SNRs. Sometimes one of the branches has a much lower SNR than the 
other branches and this will reduce the overall SNR to a lower value at the output. 
In order to maximize the SNR at the output, each branch is applied with a weight, 
w. before all the signals are combined coherently as shown in Fig. 5.8. In order to
maximize the SNR at the output, a branch with a higher SNR will be given a 
higher weighting.
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Antenna 1
Antenna 2
e exp(-j02)
e exp(-jGN)Antenna N
Weighting Co-phasing
Fig. 5.8 Block diagram of maximum ratio combining for N branches/antenna
elements
5.3.2 Diversity Gain
Diversity gain is defined as the improvement in the SNR of the combined 
signals relative to the SNR from a single antenna element. The cumulative 
distribution function (cdf) of a Rayleigh channel is given as [25].
P(yZr.)» =
-lL
\-e r (5.6)
where F is the mean SNR, 7 is the instantaneous SNR, P(^<^s) is the 
probability that the SNR will fall below the given threshold, 7S. For a selection 
combiner with N independent branches, assuming that the TV branches have
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independent signals and equal mean SNRs, the probability of all branches having a 
SNR below ys is equivalent to the probability for a single branch raised to the 
power N as:
r* N
\-er (5.7)
where N is the number of antennas / branches.
Equations 5.6 and 5.7 are plotted in Fig. 5.9 to show the reduction of the 
probability of fading below a given threshold when increasing the number of 
antenna, N. In this figure, diversity gain is also illustrated in terms of the increase 
in SNR of a combined output compared to a single antenna. Here, the diversity 
gain is marked off where P(7<7S9 of 1% (i.e. 99% reliability). The figure shows
that there is a 10 dB and 13 dB of diversity gain for the two branches and three 
branches selection combiner respectively.
1 Branch
2 Branches 
-S-Branches 
4 Branches
Diversity 
Gain /
10 log (y/T), dB
Fig. 5.9 Cumulative distribution functions of Rayleigh fading signals for different
diversity branches
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5.3.3 Diversity Gain Measurement in a Reverberation Chamber
Traditionally antennas were designed for use in environments where 
there is a Line Of Sight (LOS) path between the two sides of a communication 
link. Therefore, these antennas were characterized in terms of their free space 
equivalents; the measurements typified by use of an anechoic chamber. Modern 
day mobile telephones for example do not operate in such circumstances. The 
signal propagation reaching the mobile phone in an urban and indoor environment 
typically has no LOS path and the waves will encounter reflection, diffraction and 
scattering after originating from the transmitting antenna. The wave contributions 
via these ‘paths’ will add at the receiving side. These waves will have independent 
complex amplitudes (i.e. amplitudes and phase) and may add up constructively or 
destructively or anything between these two extremes. The wave path and their 
complex amplitudes will also change fast with time, due to the movement of the 
terminal or parts of the environment, which results in variations at the receiver as a 
function of time; more commonly referred to as fading.
The multipath environment can at tire receiving side be characterized by 
several independent incoming plane waves. If the LOS is absent, the quadrature 
components of the received complex signal become normally distributed (complex 
Gaussian); from this their magnitudes become Rayleigh distributed, then phase 
become uniformly distributed over 2tc, and the power becomes exponentially 
distributed. This is what a reverberation chamber emulates well.
In practice however, the arriving waves reaching a mobile phone will 
have a certain AoA distribution in the elevation and azimuth planes. Therefore an 
elevation distribution may be needed to characterize a real multipath environment 
— as in practice a real environment will have a larger content of vertically polarized 
waves than horizontal owing to most base stations being vertically polarized. This 
can prove problematic as then antennas measured will depend on where they are 
used and measured; and as such, the results will not be directly transferrable.
The reverberation chamber has been proposed to perform the diversity 
measurements because an isotropic reference environment can exist within the
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facility, which means that the results obtained can be statistically repeatable [27- 
29]. Furthermore, having a uniform angle of arrival can simplify the performance 
and characterization of an antenna, as the antennas performance is independent 
from the orientation.
The reverberation chamber is a large metallic enclosure which works in 
what is termed an ‘over mode’ condition (i.e. many modes). The signal 
propagation in this environment constitutes a rich scattered characteristic, which 
manifests itself as being statistically Rayleigh distributed - a factor which makes it 
ideal for the measurement of diversity gain as it is very similar to propagation 
characteristics of the urban and indoor environments. Fig. 5.10 shows the 
reverberation chamber at the University of Liverpool. The chamber is constructed 
from aluminium panels and its dimensions are 3.6m x 4m x 5.8m (width x height x 
length). The chamber is equipped with two principle sets of mechanical stirring 
paddles; one set configured from the floor to the ceiling for vertically polarized 
waves, the second set mounted from the front to back wall at ceiling height - used 
for stirring horizontally polarized waves. Both principle sets of mechanical 
stirring paddles work simultaneously during the chambers’ operation, thus all 
differing polarizations of the reflected waves will be accurately stirred.
Source
Antenna
Mechanical
Stiners
Receive
Antenna
Fig. 5.10 The Reverberation Chamber at University of Liverpool
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The exact diversity gain measurement procedure is described here 
which was utilized to acquire the results presented in the next chapter [30].
The measurement procedure started with a full 2 port calibration from 2 
- 3 GHz. An Anritsu 37369A VNA was used for the measurements, of which port 
1 was associated with the transmitting side. The measurement procedure utilized 
an amplifier comiected to port 1 to actively boost the power levels of the 
transmitted signal to levels well above the noise floor of the chamber. The 
chamber during the measurement was loaded with a model of a human torso. The 
requirement for this was to increase the average mode bandwidth to accurately 
excite more of the modes inside the chamber - by doing this the accuracy of the 
measurement would be increased.
The measurement was performed in conjunction with a reference 
antenna with known efficiency values; in this case a dual ridge horn antenna 
(Satimo SH2000). While the reference measurement took place the dual feed FIFA 
antenna was located inside the chamber, terminated with 50 £1 To establish the 
scattering parameters in a precise manner and to give rise to enough channel 
samples a large amount of data was selected. Thus, all measurements used 1601 
frequency data points from 2-3 GHz and 1 degree mechanical stirring intervals.
The reference antenna was measured first according to the 
aforementioned stated parameters. Throughout this measurement the FIFA 
antenna was placed inside the chamber, terminated on both ports with 50 G. This 
was required because throughout the measurements the loading on the chamber 
(and thus the subsequent Q factor) needs to remain exactly the same. After the 
reference measurement, one branch of the FIFA was connected to the VNA while 
the other branch was terminated with 50 G. This was performed such that the 
mismatch on the opposite branch would be reduced. The reference antenna also 
remained inside the chamber terminated with 50 G. After branch 1 was measured 
branch 2 was connected to the VNA with branch 1 terminated
The average transmission samples were recorded for each branch such 
that a total of 359 x 1601 = 574759 total samples existed. Once all samples were
101
Planar Inverted-F Antennas for Wireless Communication
acquired the reference antenna was first to be processed. A transfer function is 
established for this antenna in accordance with [31]:
T —  _________ * 21(n)l__________
REF n La - isui2)d- is2212) (S-8)
where N = total number of stirrer positions and S11l and S22 represent the transmit 
and receive sides respectively. With respect to [32], where it is stated that 
maintaining a power balance is important for determining the diversity gain, all the 
PIFA samples are normalized to the square root of the average power level of the 
reference antenna, and its known efficiency values. The measmed dual feed PIFA 
channel samples are processed as follows:
jt _ Nsample rr. ^
11 CHANNEL ~ rg..........
N *REF
Twhere PREF = REF/r]RAD and rjRAD - radiation efficiency of the reference 
antenna.
Once all 574759 channel samples are processed the cumulative 
distribution is then calculated for each branch and each PIFA antenna respectively. 
Similar’ to other investigations undertaken, the two branches for each dual-feed 
PIFA antenna have been combined using two different diversity combination 
rules; that is, selection combining (SC) and maximal ratio combining (MRC). The 
two combination diversity schemes can be characterized as, MRC is the sum of 
branch 1 and branch 2 for each respective sample and SC is the maximum value of 
the respective samples of branch 1 and branch 2. In this work, die diversity gain 
has been read as the difference along the abscissa axis between the maximal ratio 
and the level of the strongest branch, at a constant 1% cumulative probability level 
as described in the next chapter.
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5.3.4 Correlation
One of the conditions for obtaining diversity gain is low correlation. The 
correlation can be described by two metrics: complex and envelope correlations 
[33]. The complex correlation pv2 is described as “the complex correlation between
two signal envelopes” [34]. The magnitude and phase are used to calculate 
correlation. In the time domain, the complex correlation is defined in closed form 
as follows:
Pn ~ (5.10)
where t is the instantaneous time point and T is the time period over which the 
fading signals correlate. The two fading signals V](t) and v2(t) are voltage functions 
of time and have mean values in and in in volts, V.
However, in order to evaluate the correlation between two antennas in 
an angular domain, the complex correlation is computed as follows [35].
jr 2k
I \\-XPok (<9, <t>)E* ^  (0, (f))P^ (#, ^)] sin OdfffdG
PX2 = 2 _ 2
(5.11)
where the variance, a2n is the variance of branch n in V2
k 2n
pRn = f\[XPR.Ea'(0J)Era'(6J)Pg(6,<fl)+EM(O,<fi)i:^(e,t)PtV,t)]sm0dtd0 (5-12) 
0 0
where XPR is the ratio of time averaged vertical power to time average horizontal 
power [36] in the fading environment in linear form:
P
XPR = ^ (5.13)
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The second type of correlation metric is the envelope correlation, pr which is the
correlation between two signal envelopes without considering the phase [34], 
Under the assumption that the received signal have a Rayleigh-distributed 
enveloped and randomly distributed phase, the cross-correlation and envelope- 
correlation are related by [36].
Pe « \P12? (5.14)
A good diversity gain can be obtained when the signals satisfy the following two 
conditions [37].
pe < 0.5 and P± s P2 (5.15)
where Pi is the average received power from each antenna branch. These 
parameters can be obtained from directly measuring the received signal in a typical 
wireless environment. They can also be calculated from the radiation pattern or 
from the mutual coupling between the ports. The complex cross-correlation 
between the antenna ports can also be estimated from the mutual coupling by using 
the normalized mutual resistance [37].
Pc = ^ (5.16)
_ RdiZy)
and ^ — Re(2„) where Zy is the standard 2-port impedances.
The envelope-correlation can also be found from S-parameters measured at each 
antenna terminal [38].
Pe =
S* S
22
(l-fl^n | +\S2l |2))(1-(| S22 |2 +1^ |2))
(5.17)
5.3.5 Branch Power Ratio and Mean Effective Gain (MEG)
As discussed above, the 2nd condition of getting diversity gain is that the 
power levels of all the antennas must not be too different. One way of illustrating 
this is by using the ratio of two branch power levels, k, as follows in linear form:
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K = (5.18)
where P min [W] is the power from the antenna with the lower power and P max 
[W] is the power from the antenna with the higher power in each pair of antennas. 
The ratio of the two antennas5 power levels, k, is multiplied by the diversity gain to 
obtain the new diversity gain for a selection combiner.
An alternative method to obtain the branch power ratio is derived from 
the Mean Effective Gain (MEG) [39] of the antennas as follows (assuming only 
two branches):
. (MEGi megAK = min
V MEG, MEG.2 y
(5.19)
The MEG is the average gain of an antenna in a mobile environment and is defined 
in [25] as the ratio between the mean received power of the antenna (/Vec) and the 
total mean incident power ( Pv + PH ). The MEG is a figure of merit for the 
average performance of an antenna on a mobile terminal taking into account the 
incident radio waves in the multipath environment and the gain patterns of the 
antenna. This parameter determines how effective the mobile terminal antenna will 
be in a multipath environment. It is important to evaluate the MEG of the antennas 
to determine their diversity performance. Taga has derived the following equation 
to evaluate the MEG [39].
jv Iter
meg= | J
0 0
$mQd<j>dd (5.20)
where G$ (0, 0) and G<p (6, 0) are the 9 and 0 components of the antenna power 
gain patterns respectively. P0 (9, 0) and P® (9, 0) are the 0 and 0 components of 
the angular density functions respectively.
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5.3.6 Types of Diversity Techniques
The diversity gain can be achieved by using different techniques 
including time, frequency and antenna diversities and/or combination of these 
methods.
5.3.6.1 Antenna Diversity Techniques
Antenna diversity is further characterized as space diversity, 
polarization diversity and pattern / angle diversity. All of these techniques are 
being used for obtaining diversity gain in smaller and portable terminals. These are 
explained in detail as follows.
5.3.6.1.1 Space Diversity
Spatial diversity utilizes more than one antennas which are sufficiently 
sepamted from each other so that the relative phases of the multipath contributions 
are significantly different at the two antennas. This is the most fundamental 
technique to achieve diversity. The phase differences between the total signals 
received at each of the antennas are proportional to the differences in the path 
lengths from the scatterers to each antenna. When large phase differences are 
present, they give rise to a low correlation between the signals at the antennas. 
Therefore it is expected that the correlation decreases with an increase in the 
distance between the scatterers or an increase in the distance between the antennas. 
By assuming angular density function to be uniform in azimuth of the mobile 
enviromnent and no angular density function in elevation (i.e. Two-dimensional 
scenario), the correlation coefficient for a distance separation d can be obtained 
from die zero order Bessel function, JQ(x) [25].
Pn=h(Pd) (5.21)
where [3 is the phase constant.
The angular distribution of wave arrival does affect the correlation 
coefficient for a given spacing d, whereby if the angular density function is
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restricted to a limited range then pj2 will increase [25]. Generally, spacing, d of 
0.5A, is practically used to obtain two uncorrelated signals at mobile terminals.
Apart from the effect of the angular density functions Pe (6, 0) and Ptl,
(6, 0), it should be noted that since the two antennas are horizontally spaced with 
d = 0.51, mutual coupling also affects the performance of diversity as well. It has 
been shown in theory and experimentally that mutual coupling reduces the 
correlation coefficient [25]. Recently it has been reported that the MIMO capacity 
is still relatively large when the four- antennas are closely spaced down to = 0.21 
in the indoor environment [39], In the outdoor environment, the MIMO capacity 
for antennas with spacing of = 0.21 is even larger than when the antemras 
spacing isd = 2.51 [40].
5.3.6.X.2 Pattern / Angle Diversity
Angle diversity consists of two or more receiving antenna beams with a 
common phase center but oriented towards different directions or at least having 
partially non-overlapping radiation pattern. Some researchers also refer to this as pattern 
diversity, whereas others use the term pattern diversity when die two or more collocated 
receiving antennas have different response patterns. Pattern diversity can be seen as a 
variation of angle diversity. Pattern diversity occurs in many instances at the mobile 
terminals because the antennas will pick up signals coming from different angles. 
Since the fading signals coming from different directions are independent then 
pattern diversity can be implemented. This has been considered at die base station 
in some cases and compared with spatial diversity [41-42].
At the mobile terminal, two omni-directional antennas interacting with 
each other whilst closely spaced can also obtain pattern diversity. Basically, die 
antennas act as parasitic elements to each other and their patterns change to allow 
signals to be picked up at different angles. Antennas with beam steering at the 
mobile terminals (by changing the feed point impedance of parasitic elements) 
have been developed [43]. Recent studies conducted on pattern diversity in the 
MIMO systems have shown that with appropriate dissimilarity in the antenna 
pattern, the system can achieve large channel capacity [44]. Fig. 5.12 shows the
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difference between the space diversity and pattern diversity. It can be seen that 
space diversity is based on distance whereas the pattern diversity is achieved by 
placing one antenna element horizontal and the other antenna vertical so that their 
pattern are different in space in different directions.
Spatial
Diversity
Pattern
Diversity
Fig. 5.11 Difference between space diversity and pattern diversity [CSX]
5.3.6.1.3 Polarization Diversity
Polarization diversity can be achieved when two or more differently 
polarized antennas are used as the branches of a diversity receiver or transmitter. It 
has been reported by Lee and Yeh that the horizontal and vertical polarization 
paths between a mobile and a base station are uncorrelated [45]. A number of 
studies on polarization diversity have been carried out at the base stations [46-48]. 
Previously, spatial diversity has been widely used in base stations but the size of 
the antenna structures is too large. With the use of polarization diversity the size of 
the antenna structures can be reduced significantly. Early theoretical analysis has 
been undertaken to show that at the base station the largest diversity gain can be 
obtained when the two antennas are polarized at ± 45° where the vertical is used as 
a single reference [49-51].
Polarization diversity has emerged an attractive option to apply at the
mobile terminals due to the reduced size of the antenna structures. Therefore,
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recent studies on the MIMO systems have exploited the MIMO channels by using 
polarization diversity [52-53].
53,6.2 Time Diversity
The diversity can be obtained from single antenna by transmitting the 
signal multiple times, spaced apart in sufficiently that the channel fading is 
uncorrelated i.e. at least 0.5 A between antenna locations when the repeated signal 
is received. This is rarely used in practice, as the retransmission of information 
reduces the system capacity and introduces a transmission delay.
5.3.63 Frequency Diversity
If the two fiequency components are spaced wider than the coherence 
bandwidth of the wideband channel, they experience uncorrelated fading providing 
another mean of obtaining diversity gain. However, as in time diversity the simple 
retransmission on two fiequencies would be inefficient. That is why it is also 
rarely used.
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CHAPTER
6
PIFA as a MIMO and Diversity Antenna
6.1 Introduction
The future wireless communications systems will be expected to 
support a wide range of high-quality services which may include data, high-quality 
voice, pictures, and video. These services are likely to include applications which 
require very high transmission data rates. A growing literature on both antenna 
diversity and multiple input multiple output (MIMO) systems has emerged owing 
to their ability to combat multipath fading and to deliver higher data rates, 
respectively [1-4]. In a MIMO system, several transmitters and receivers are used 
at each end of the radio link, and, in order to achieve a high capacity, the different 
signal paths between these should be uncorrelated. There are wide research and 
development efforts into diversity antennas for MIMO wireless communication 
terminals [5-7]. The essential requirements for the diversity antennas are that they 
must provide diverse reception, i.e. they must be capable of receiving different 
signals. Antenna diversity can be realized in several ways. Depending on the 
environment and the expected interference, designers can employ one or more of
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these methods to achieve diversity gain. The most popular and effective diversity 
techniques include spatial, polarization and pattern diversity. Spatial diversity 
employs multiple antennas, usually with the same characteristics, that are 
physically separated from one another. Depending upon the expected incidence of 
the incoming signal, sometimes a space on the order of a wavelength is sufficient. 
Typical antennas include PIFA antennas [8-10], double folded dipole [11] and 
folded monopole antennas [12].
But it is quite challenging and hard to implement multiple antennas on 
very small devices such as mobiles, PDAs and laptops as placing multiple antenna 
elements increase mutual coupling and result in high correlation coefficient. 
Pattern diversity consists of two or more co-located antennas having different 
radiation patterns or a single antenna with two or more ports which differ from 
each other in terms of their radiation patterns. Isolated mode antenna technology 
(IMAT) is recently being introduced by Skycross in which a single antenna having 
dual or more feeds can be used to achieve diversity gain by exciting different 
modes for MIMO applications [13-14]. Similarly, a single element dual-feed 
monopole antenna is introduced by P. Hallbjoner in [15]. As we know that the 
inverted F antenna is now widely used in mobile and portable applications due to 
its simple design, lightweight, low-cost, conformal nature, attractive radiation 
pattern and reliable performance [16-18], there is a need to use this PIFA antenna 
to develop diversity antennas having two or more feeds/ports.
In this chapter, three new and novel dual-feed PIFA diversity antennas 
for different heights are presented taking into account pattern diversity and/or 
polarization diversity. In order to reduce the mutual coupling between the two 
ports and to increase the isolation; the portion of ground planes under the top 
radiating plate is modified and etched out. Here the designs of PIFA antennas for 
the 2.45 GHz Bluetooth/WLAN band are presented and can be used in mobile and 
PDA terminals as a diversity or MIMO antenna. The structures of these PIFA 
antennas can be modified to work for other similar frequency bands such as GSM, 
DCS, PCS and UMTS and 2.5 GHz- 2.7 GHz Long Term Evolution (LTE) band.
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6.2 Isolation
The isolation between two antennas or two ports of a single antenna is a 
critical parameter in many applications and systems such as antenna arrays, 
diversity antennas and MIMO systems. If the two ports/antennas are strongly 
coupled then the most of the transmitted signal of one port/antenna will not be 
radiated but received/absorbed by the second port. It will decrease the antenna 
radiation efficiency due to the loss of the power dissipated in the coupled antenna 
or in the second port. So for the two ports/antennas to radiate efficiently, they 
should be sufficiently isolated and mutual coupling should be reduced to enable 
the two ports/antennas to radiate efficiently i.e. the Si2 should be very small. In 
literature, different techniques have been introduced to increase isolation and 
reduce the mutual coupling between the two ports/antenna elements. In some 
techniques, ground plane is modified to increase isolation [19-21]. Some elements 
are introduced within the antenna elements to increase isolation such as 
mushroom-type composite right-/left handed transmission lines [22], inserting a 
suspended line between the PIFA’s feedings and/or shorting points [23]. Similarly 
some decoupling networks are introduced in [24-25] to increase isolation.
6.3 Dual-Feed FIFA with Parallel Feed Plates for Height 
h = 10 mm
6.3.1 Antenna Configuration
The configumtion of the dual-feed FIFA is shown in Fig. 6.1. The 
radiating top plate has dimensions WxL and ground plane dimensions are WgxLg. 
The dielectric material used between the rectangular ground plane and the two 
feeds is FR-4 having a thickness / = 1.5 mm and relative permittivity sr = 4.4. The 
antenna height h is filled with air (free space). In practice, a low dielectric material 
may be used to support the top plate. The shorting plate has dimensions W^xflj+t) 
and the widths of feed plates 1 and 2 are W/j and Wj? respectively and both feed 
plates have height h. The horizontal distances of feed 1 and feed 2 from the side
edge of the ground plane are Lfi and Lfi respectively and distance of feed 2 from
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the upper edge of the top plate is Lu (as shown in Fig. 6.1). The FIFA antenna is 
fed by coaxial cables through 2 SMA connectors connected to Port 1 and Port 2. 
The software package used for simulation is Ansoft’s High Frequency Structure 
Simulator (HFSS) based on the Finite Element Method.
Tcpphte
Shorting Rate
Fig. 6.1 The configuration of the dual feed PIFA antenna
Since there are many variables which can affect the antenna 
performance, it is challenging to obtain an optimized design. Computer aided 
parametric study has been conducted. The design of PIFA antenna is started 
initially from our work of bandwidth enhancement of PIFA by changing the 
widths of feed and shorting plates in which it was shown that increasing the feed 
plate and minimizing the width of shorting plate would result in 65% fractional 
bandwidth [26]. Then another feed plate of width Wf2 is added to make this PIFA 
antenna a dual-feed antenna. The length of ground plane Lg is taken equal to 100 
mm to make it of the same length as that of a handset mobile. A parametric study 
is undertaken by varying the widths of feed plate 1 and feed plate 2 and position of 
both these feed plates under the top plate. The parameters are optimized to get the 
maximum bandwidth by both the ports. The optimized parameters are as follows: 
Wfi= 18 mm, Wj2 =18 mm, Wg = 40 mm, Lg = 100 mm, W = 40 mm, L = 20 mm, h 
= 5 mm, Ws = 1 mm, Lfj = 16 mm, Lp = 5 mm, Lu= 17 mm and t=lmm. The 
simulated results of this PIFA antenna are shown in Fig. 6.2. It can be observed
f
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that the band widths obtained by this technique from the two ports are huge from 
about 0.9 GHz to 4.3 GHz and it covers all the frequency bands used now a day in 
mobile technology including GSM 900, PCS, DCS, UMTS, GPS, WLAN, WiMax 
and Bluetooth. But the problem in this design is that the transmission coefficient 
S12 is very high as can be seen from Fig. 6.2. In this case, as described earlier, the 
most of the signal transmitted by one of the ports will be received by the other 
port. So in order to make this design useful and efficient, some isolation technique 
must be implemented to reduce mutual coupling between the two ports. In order to 
identify how the ports are linked to each other, the current distribution is observed 
by HFSS simulations. Fig. 6.3 shows the current distribution on the top radiating 
plate and distribution of current on the ground plane of the antenna at 2.45 GHz at 
zero phases. It can be observed that most of the current flows on the ground plane. 
So as compared to the top plate, the two ports are found strongly linked through 
ground plane. So some modification of the ground plane between the two ports is 
required to stop the current flow from one port to the other.
S,, for Feed 1
— S, for Feed 2
5 2 2.5 3 3.
Frequency in GHz
Fig. 6.2 Simulated S-parameters versus frequency in GHz
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Fig. 6.3 Current distributions on (a) the top plate (b) the ground plane
Initially, the isolation technique described in [20] was implemented in 
which the ground plane between the two FIFA antenna elements was modified to 
reduce mutual coupling between the two antennas. The mutual coupling was 
reduced by only 1.5 dB, so ground plane is further modified through etching the
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ground plane. Fig. 6.4 shows the different modifications on the ground plane 
between the two ports undertaken to reduce the mutual coupling. All these 
modifications showed reduction in mutual coupling but found not enough to 
achieve isolation about 10 dB. So in order to reduce the mutual coupling and to 
increase the isolation between the two ports, the ground plane under the top plate 
is amended by removing most of the conductor to reduce the current flow on the 
ground plane between the two ports. The bottom view of the final design of etched 
ground plane is shown in Fig. 6.5. The length of the etched part of the ground 
plane is SUg =17 mm. The two parts of the ground plane are connected through a 
small strip of thickness Sx =1 mm. The thickness of the upper part of the ground 
plane to which portl and the shorting plate are connected is also a small strip of 
thickness Sy = 1 mm. Fig. 6.6 shows the mutual coupling S12 with and without 
etching the ground plane which shows that more than 8 dB (simulated) 
improvement in isolation between the two ports is achieved by using this 
technique of etching the ground plane.
Fig. 6.4 Modifications on the ground plane between the two ports
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Fig. 6.5 The bottom view of the modified ground plane
------------Simulated S12 without
^....... y
.3 2.4 2.5 2.6 2.7 2.8 2.9
Frequency in GHz
Fig. 6.6 S12 with and without modifying the ground plane
6.3.2 Simulated and Experimental Results
Again a parametric study is undertaken, in order to get the resonance at 
2.45 GHz, by varying the widths of feed plate 1 and feed plate 2 and positions of 
both these feed plates under the top plate while all other parameters are held fixed. 
The optimized parameters of this dual-feed FIFA antenna obtained for 2.45 GHz
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WLAN applications are as follows: Wfi= 14 mm, Wp =20 mm, Wg = 40 mm, Lg = 
100 mm, W = 40 mm, L = 20 mm, h =10 mm, Ws = 1 mm, Lfi = 2 mm, Lp = 4 mm 
and Lu= 19 mm. The simulated and experimental results are shown in Fig. 6.7. If 
we compare these results with that of Fig. 6.2, it can be observed that bandwidth is 
much reduced now. This is due the modifications done in the ground plane to 
increase isolation. This is a drawback of etching the ground plane. Simulated and 
measured results of Fig. 6.7 are little different. The major courses for the 
discrepancies are (a), the cables: which are not included in the simulation but 
presented in the measurements; (b). the connectors: which are also not considered 
in the simulation; (c) The inaccuracy of the parameters in manufacturing this FIFA 
antenna as it is made manually in the lab. It is evident that both the branches of the 
antenna cover the 2.45 GHz WLAN band from 2.35 GHz to 2.55 GHz having at 
least a bandwidth of 200 MHz for Su < -10 dB. The average percentage radiation 
efficiency of this antenna is found around 90%. The 3D simulated radiation pattern 
of this dual-feed FIFA with Port 1 and Port 2 alone are shown in Figs. 6.8 and 6.9 
and the 2D polar plots of the measured radiation patterns of this antenna for the 
feed 1 and feed 2 at 2.5 GHz are shown in Fig. 6.10. It can be observed that 
radiation pattern of the two ports are comparatively different enough to achieve 
pattern diversity.
S12 (Measured)
S1 ^Measured)
(Simulated)
2.4 2.5 2.6 2.7 2.8 2.9
Frequency in GHz
Fig. 6.7 Measured and simulated S-parameters versus frequency in GHz
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Now in order to achieve a good diversity gain, this antenna must satisfy 
the conditions described in Eq. 5.15 in the previous chapter. Fig. 6.11 shows the 
graph of the envelope-correlation coefficient versus frequency in GHz. The 
envelope-correlation coefficients are calculated from S-parameters [29]. It is clear 
from the graph that maximum value of envelope correlation coefficient is below 
0.04 in the region of interest. The MEGs of the two branches of the antenna are 
0.56 and 0.50 and their ratio is approximately equal to unity i.e. 0.56/0.50 = 1. So 
this antenna satisfies the two conditions of achieving a good diversity gain. Hence 
this single element dual-feed FIFA antenna can be used for diversity or MIMO 
applications.
dBi
3.68 
3.01 
2.34 
1 .67
1
0.334
-3.3
-9.91
-16.5
-23.1
-29.7
-36.3
Y
Fig. 6.8 3D simulated radiation pattern of dual-feed FIFA with Port l at 2.45 GHz
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dBi
Fig. 6.9 3D simulated radiation pattern of dual-feed FIFA with Port 2 at 2.45 GHz
15° 0° -15°
Measured $=0 for Feed 1 
Measured 4>=0 for Feed 2
(a) XZ (0 = 0°) plane
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Measured 4>=90 for Feed 1 
Measured <f>=90 for Feed 2
(b) YZ (0 = 90°) plane
Fig. 6.10 2D measured radiation patterns in dB scale for feed 1 and feed 2 at 2.5
GHz for different planes
•■S 0.035 -
O 0.025
> 0.015
0.005
Frequency [GHz]
Fig. 6.11 Envelope-correlation coefficient versus frequency in GHz
6.3.3 Theory Behind the Design
Fig. 6.12 shows the current distributions on the ground plane due to the 
Ports 1 and 2 at 2.45 GHz. It can be seen that current due to the port 1 is minimal
whereas the current density on the ground plane due to the Port 2 is high. It is
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evident that the dimension of ground plane greatly affects the resonant frequency 
of Port 2, thus it can be concluded that Port 2 uses ground plane as well as the top 
plate as the radiating element. So diversity is achieved due to the fact that Port 1 
has top plate as the only radiating element whereas the Port 2 is using the top plate 
as well as the ground plane as the radiating elements. Thus the radiation patterns 
produced by the two ports are different and a good diversity gain is achieved 
through pattern diversity. According to theory of characteristic modes, diversity 
gain can be achieved by exciting different modes of the radiating portion of the 
antenna which will produce different radiation patterns [27-28]. Here two different 
modes are excited to achieve diversity gain.
The isolation between the two ports is achieved by introducing an anti 
resonant circuit of inductor and capacitor. Fig. 6.13 shows an approximate 
equivalent circuit of the PIFA antenna. The value of inductor L is adjusted by the 
small strip which connects the upper and lower part of the ground plane and the 
capacitance C is introduced between small upper strip and lower part of the ground 
plane and etched part of ground plane acts as a dielectric.
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Fig. 6.12 Current distribution on the ground plane of PIFA due to Port 1 and Port 2
at 2.45 GHz
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Feedl(\/\ X A) Feed 2
Fig. 6.13 An approximate equivalent circuit of the dual-feed FIFA
6.3.4 Parametric Study
The ground plane dimensions are varied to observe its effects on the 
resonant frequencies and bandwidth of ports 1 and 2. Fig. 6.14 shows the graphs of 
changing the length of ground plane versus the frequency in GHz for the Port 1 
and Port 2. It can be seen that the resonant frequency of the Port 1 is not affected at 
all by the variation of length of ground plane whereas the resonant frequency and 
bandwidth for the Port 2 is greatly affected by the variation of ground plane. It is 
due to the fact that Port 1 is connected only through a small strip that is why there 
is no effect of changing the length of ground plane on the Port 1. The same 
resonant frequency and bandwidth from the Port 2 can be achieved by varying the 
width of second feed plate Wj? and the horizontal distance of feed plate 2 from the 
edge of the ground plane Lp.
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Frequency in GHz
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L =60mm
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Frequency in GHz
Fig. 6.14 Reflection coefficients versus frequency in GHz for different values of Z,g
The position of feed plate 1 is varied to observe its affects on the 
reflection coefficients Sn and S22 whereas all other parameters are held constant. 
Fig. 6.15 shows the reflection coefficients versus frequency in GHz for variations 
in position of feed plate 1. It is evident that by increasing the distance Ln of feed 
plate 1 from the side edge of the ground plane, resonant frequency by Port 1 
increases and impedance bandwidth is also changed. Changing the position of feed 
plate 1 also affects the reflection coefficient S22 which is mainly due to Port 2. It is 
due to the fact that the two feed plates are connected through the one common
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radiating plate. So changing the position of one of the feed plate affects the 
reflection coefficient from the other feed as well as it changes the transmission 
coefficient S12 between the two feeds.
c -10
o -15
S., for L=2mm
o -20 __o— S forL =5mm
S.. for L =8mm
o -25 for L =2mm
for =5mm
- for L=8mm
Frequency in GHz
Fig. 6.15 Reflection coefficients Sn and S22 versus frequency in GHz for different
values of Ln
Similarly the width of feed plate 2 is varied to observe its affects on the 
reflection coefficients Sn and S22 whereas all other parameters are held constant. 
Fig. 6.16 shows the reflection coefficients versus frequency in GHz for variations 
in width of feed plate 2. It is evident that by increasing the width of feed plate 2 
increases the resonant frequency from both the feeds and impedance bandwidth is 
also changed. Changing the width of feed plate 2 also affects the reflection 
coefficient Sn from the feed Idue the fact explained above. So changing the width 
of one of the feed plate affects the reflection coefficient from the other feed as well 
as it changes the transmission coefficient Si2 between the two feeds.
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Frequency in GHz
Fig. 6.16 Reflection coefficients Sn and S22 versus frequency in GHz for different
values of Wo
So the positions and widths of feed plates 1 and 2 need to be adjusted 
simultaneously for an optimized design for the required resonant frequency. This 
parametric study also shows that the design parameters can also be easily tuned for 
Long Term Evolution (LTE) 2.5 GHz-2.7 GHz band.
6.3.5 Diversity Gain Measurement
The diversity gain of the dual-feed FIFA with parallel feed plates is 
measured in a reverberation chamber. The measurement utilizes the reverberation 
chamber at the University of Liverpool. The diversity gain result for the dual-feed 
FIFA with parallel plates is shown in Fig. 6.18. From the plot, we can see that the 
diversity gain of dual-feed FIFA with parallel feed plates (co-polarized) equates to 
around 9 dB.
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Fig. 6.17 Measured diversity gain of dual-feed FIFA with parallel feed plates
6.4 Dual-Feed FIFA with Perpendicular Feed Plates for Height h = 
10 mm
The dual-feed FIFA antenna with two feed plates placed parallel to 
each other, as discussed above, uses only the pattern diversity to achieve diversity 
gain. Also the simulated S12 is around 10 dB as shown in Fig. 6.8. Here we present 
another novel dual-feed FIFA diversity antenna taking into account pattern 
diversity as well as the polarization diversity as the feed plates are now placed 
perpendicular to each other which give rise to cross polarization. Due to the two 
diversity techniques, diversity gain as well as the isolation between the two ports is 
high as compared to the antenna design discussed above. The ground plane under 
the main top radiating plate is modified and etched out to increase the isolation 
between the two ports. This FIFA antenna can cover WLAN / Wi-Fi 2.4 GHz - 2.6 
GHz band or Long Term Evolution (LTE) 2.5 GHz - 2.7 GHz band and can be 
used in mobile and PDA terminals as a diversity or MIMO antenna.
6.4.1 Antenna Configuration
The configuration of the dual-feed FIFA is shown in Fig. 6.18. The 
radiating top plate has dimensions W*L and ground plane dimensions are Wg xLg.
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The dielectric material used between the rectangular ground plane and the two 
feeds is FR-4 having a thickness t = 1.5 mm and relative permittivity er = 4.4. The 
antenna height h is filled with air (free space), hi practice, a low dielectric material 
may be used to support the top plate. The shorting plate has dimensions Wsx(h+t) 
and the widths of feed plates 1 and 2 are W/j and Wp respectively and both feed 
plates have height h. The horizontal distances of feed 1 and feed 2 from the side 
edge of the ground plane are Lfi and Lp respectively and distance of feed 2 from 
the upper edge of the top plate is Lu. The bottom view of the modified ground 
plane is shown in Fig. 6.19. The ground plane is modified to improve the isolation 
as the two ports are strongly connected through ground plane and most of the 
current flows on the ground plane between the two ports as discussed in [30]. The 
length of the etched part of the ground plane is Sug, The two parts of the ground 
plane are connected through a small strip of thickness Sx. The thickness of the 
upper part of the ground plane which is connected to shorting plate is Sy. The 
ground plane is extended near to that side end of ground plane where the shorting 
plate is placed. The distance of this extended part of the ground plane from this 
side end is Dc. The vertical length of this extended ground plane is equal to the 
width of feed plate 1 i-e Wp and its thickness (width) is equal to Dx. The idea here 
is to introduce anti-resonance at the operational frequency 2.45 GHz between the 2 
feeds - to isolate them and hence to generate the desired diversity. The FIFA 
antenna is fed by coaxial cables through 2 SMA connectors connected to Port 1 
and Port 2.
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Tqjpkte
Fig. 6.18 The configuration of the dual-feed FIFA antenna with perpendicular feed
plates
Shorting plateFeed 1
Feed 2
Fig. 6.19 The bottom view of the modified ground plane of the antenna
6.4.2 Simulated and Experimental Results
There are many variables which affect the FIFA antenna 
characteristics. In order to get the optimized design for 2.45 GHz band, some 
parameters are held fixed while other are varied by conducting a parametric study.
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The height of FIFA, dimensions of top plate and ground plane and width of 
shorting plate are held fixed as follows. Wg = 40 mm, Lg = 100 mm, W = 40 mm, L 
= 20 mm, h = 10 mm, JVS= 1 mm, whereas the placements/positions of both feed 
plates Lfj, Lj2 and widths of these feed plates W/j, Wj2 need to be adjusted through a 
parametric study to optimize these parameters. Theses parameters can also be 
optimized by the parametric study for LTE band from 2.5 GHz to 2.7 GHz. The 
remaining optimized parameters of this dual-feed FIFA antenna for 2.45 GHz 
WLAN band as follows: W/j= 10 mm, Wp =16 mm, Lp = 11 mm, Lp = 10 mm, Lu 
= 19 mm, SUg = 17 mm, Sy = Sx = 0.5 mm, Dc = 10 mm and Dx = 5 mm. The 
simulated and experimental results are shown in Figs. 6.20 and 6.21. The 
simulated and measured results are very similar. The major com’ses for their 
differences are (a) tire cables: which are not included in the simulation but 
presented in the measurements; b) the connector: which is also not considered in 
the simulation; (c) The inaccuracy of exact parameters in manufacturing the FIFA 
as it is made manually in the lab. It is clear from the figures that both the Foils at 
least cover the 2.45 GHz WLAN band from 2.4 GHz to 2.6 GHz. The 3D 
simulated radiation pattern of this dual-feed FIFA with Port 1 and Port 2 alone are 
shown in Figs. 6.22 and 6.23 respectively and the 2D polar plots of the measured 
radiation pattern of this dual feed FIFA is shown in Fig. 6.24. It is evident that the 
radiation patterns by the two Ports are quite different which shows pattern 
diversity is present between the two Ports of the antenna. Fig. 6.25 shows the 
current distributions on the ground plane due to the Ports 1 and 2. It can be seen 
that current due to the port 1 is minimal whereas the current density on the ground 
plane due to the Port 2 is comparatively high. So diversity is achieved due to the 
fact that Port 1 has top plate as the only radiating element whereas the Port 2 is 
using the top plate as well as the ground plane as the radiating elements. This dual­
feed also fulfils the two condition described in Eq. 5.15 which is also clear from 
the graph of correlation coefficient versus frequency in Fig. 6.26.
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- Sjj for Feed 2
- S12=s21
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Frequency in GHz
Fig. 6.20 Simulated Sn, Si2 and S22 versus frequency in GHz
for Feed 1 
S22forFeed 2
2.1 2.2 2.3 2 4 2.5 2.6 2.7 2.8 2.9
Frequency in GHz
Fig. 6.21 Measured Sn, S12 and S22 versus frequency in GHz
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Fig. 6.23 3D simulated rad. pattern of Dual-feed FIFA with Port 2 at 2.45 GHz
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Measured 9=90 for Feed 1 
Measured 0=90 for Feed 2
(a) XY (6 = 90°)
15° 0° -15°
Measured <f>=90 for Feed 1 
Measured <t>=90 for Feed 2
(b) YZ (0 = 90°) plane
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Measured <j)=0 for Feed 1 
Measured <f)=0 for Feed 2
(c) XZ (0 = 0°) plane
Fig. 6.24 2D measured radiation patterns in dB scale for feed 1 and feed 2 at 2.45
GHz for different planes
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Fig. 6.25 Current Distribution on the ground plane of FIFA due to Port 1 and Port
2 at 2.45 GHz
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Fig. 6.26 Envelope-correlation coefficient versus frequency in GHz
6.4.3 Parametric Study
The ground plane dimensions are varied to observe its effects on the 
resonant frequencies and bandwidth of Ports 1 and 2. Fig. 6.27 shows the graphs of 
changing the length of ground plane versus the frequency in GHz for the Port 1 
and Port 2 respectively. It can be seen that the resonant frequency by the Port 1 is 
not affected significantly by the variation of length of ground plane whereas the 
resonant frequency and bandwidth by the Port 2 is greatly affected by the variation 
of ground plane. It is due to the fact that Port 1 is connected only through a small 
strip to the ground plane that is why there is no significant effect of changing the 
length of ground plane on the Port 1. The same resonant frequency and bandwidth 
from the Port 2 can be achieved by varying the width of second feed plate Wp and 
the horizontal distance of feed plate 2 from the edge of the ground plane Lp. 
According to the theory characteristic modes, different radiation patterns can be 
achieved by exciting different current modes of the radiating portion of the 
antenna [28]. As stated above that the dimension of ground plane greatly affects 
the resonant frequency of Port 2 but not Port 1. So the diversity is achieved due to 
the fact that Port 1 uses the top plate as the main radiating element whereas Port 2 
uses the top plate as well as the ground plane as the radiating elements, which is
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also evident from the current distribution obtained from the simulation. Thus the 
radiation patterns produced by the two ports are different as shown in Fig. 6.22. 
Polarization diversity is achieved due to the two feed plates placed perpendicular 
to each other which produce cross-polarization.
-------S.. for L =60mm
■a— S,, for L =80mm 
-♦—S,, fori =100mm11 g
■©— S.. fori =120mm
Frequency in GHz
-15 -
-*—S.. for L =60mm 22 g
■e—S00forL =80mm22 g
-♦—S0. for L =100mm 22 g
-e»—S„forL =120mm
Frequency in GHz
Fig. 6.27 Reflection coefficients versus frequency in GHz for different values of Lg
6.4.4 Diversity Gain Measurement
The diversity gain of the dual-feed PIFA with perpendicular feed 
plates is measured in a reverberation chamber. The measurements utilize the
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reverberation chamber at the University of Liverpool. The diversity gain result for 
the dual-feed FIFA with perpendicular plates is shown in Fig. 6.28. We can 
establish that diversity gain of dual-feed FIFA with perpendicular feed plates 
(cross-polarized) has a value of around 10 dB; an increase of around 10 % as 
compared to dual-feed FIFA with parallel feed plates when measured at the 1% 
cumulative probability level. Hence the dual-feed FIFA with perpendicular feed 
plates has 10 % higher diversity gain than that of with parallel feed plates due to 
the two diversity techniques (polarization and pattern diversity) used to produce 
diversity gain.
- Branch 1
- Theoretical Rayleigh 
• Branch 2
-SCDiversity Gain at 1*
Relative Power (dB)
Fig. 6.28 Measured diversity gain of dual-feed FIFA with perpendicular feed
plates
6.5 Dual-Feed FIFA with Parallel Feed Plates for Height h = 5 mm
We have presented above the two dual-feed FIFA antennas with a 
height of h = 10 mm. But these dual-feed FIFA are not suitable for some portable 
applications as the height is relatively large. For these applications, a thinner 
version of this design is required. As the dual-feed FIFA antennas discussed above 
are very sensitive to the height, just reducing the height does not work - many 
design parameters and modifications are needed to design a compact and low
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profile dual-feed PIFA antenna. Here a dual feed FIFA with a height h = 5 mm is 
presented to produce pattern diversity. A portion of the ground plane under the top 
radiating plate is modified and etched out to increase the isolation between two 
ports/feeds. This PIFA antenna also covers the 2.45 GHz Bluetooth/WLAN band 
and can be used in mobile and PDA terminals as a diversity or MIMO antenna.
6.5.1 Antenna Configuration
The configumtion of the dual-feed PIFA is shown in Fig. 6.29. The 
radiating top plate has dimensions W'^L and ground plane dimensions are WgxLg. 
The dielectric material used between the rectangular ground plane and the two 
feeds is FR-4 having a thickness t = 1.5 mm and relative permittivity sr = 4.4. The 
antenna height h is filled with air (free space). In practice, a low dielectric material 
may be used to support the top plate. The shorting plate has dimensions Wsx(h+t) 
and the widths of feed plates 1 and 2 are W/j and Wp respectively and both feed 
plates have height h. The distances of feed 1 and feed 2 from the upper edge of the 
ground plane are Ly and Lu respectively. The horizontal distance of feed 2 from the 
side edge of the ground plane is X^.The bottom view of the modified ground plane 
is shown in Fig. 6.30. The ground plane is modified to improve the isolation as the 
two ports are strongly connected through ground plane and most of the current 
flows on the ground plane between the two ports as discussed above. The main 
differences between this antenna design and the antenna designs presented above 
are modifications done on the ground plane and the position of feed plate 1. The 
length of the etched part of the ground plane is Sug. The two parts of the ground 
plane are connected through a small ship of thickness Sx, The thickness of the 
upper part of the ground plane which is connected to shorting plate is Sy. The 
ground plane is extended opposite to that end of ground plane where a small ship 
connects the upper and lower part of the ground plane. The vertical extension of 
ground plane is Dx and its thickness is also equal to Dx. The horizontal extension of 
this ground plane is equal to the width of feed plate fr^and its thickness (width) is 
equal to Dy. The idea here is to introduce anti-resonance at the operational 
frequency 2.45 GHz between the 2 feeds - to isolate them and hence to generate
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the desired diversity. The FIFA antenna is fed by coaxial cables through 2 SMA 
connectors connected to Port 1 and Port 2. The software package used for 
simulation is Ansoft’s High Frequency Structure Simulator (HFSS) based on the 
Finite Element Method.
Ground plane
Top plate
Shorting Plate
Feed 2Feedl
Fig. 6.29 The configuration of the dual feed PIFA antenna for h=5mm
Shorting plate
Feed 1
Feed 2
Fig. 6.30 The bottom view of the modified ground plane of the antenna
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6.5.2 Simulated and Experimental Results
Due to the modifications in the ground plane and in the height of 
PIFA, die placements/positions of both feed plates and widths of these feed plates 
need to be adjusted in order to get the required resonant frequencies by both the 
ports. A parametric study is undertaken to optimize these parameters. All the 
optimized parameters of this dual-feed PIFA antenna obtained for 2.45 GHz 
WLAN applications are as follows: Wfi~ 20.5 mm, Wp =10 mm, Wg = 40 mm, Lg = 
100 mm, W = 40 mm, L = 20 mm, h ~ 5 mm, Ws~ 1 mm, Ly = 2 mm, Lp = 5 mm, 
Ltl = 19 mm, Sug = 18 mm, Sy = Sx = 0.5 mm, and Dx= Dy = 1mm. The simulated 
and measured results are shown in Figs. 6.31 and 6.32. It can be seen that the 
bandwidth achieved by port 1 is approximately 50 MHz from 2.425 GHz to 2.475 
GHz (simulated) whereas the measured Sn is comparatively wide and measured 
bandwidth is around 300 MHz. The difference between them should be resulted 
from the connectors and cables used in the measurement. The reduced simulated 
bandwidth is due to the reduction in height as we know that reduction in height of 
PIFA reduces the bandwidth of the antenna [31]. The 3D simulated radiation 
pattern of this dual-feed PIFA with Port 1 and Port 2 alone are shown in Figs. 6.33 
and 6.34 respectively and the 2D polar plots of the measured radiation patterns of 
this dual-feed PIFA are shown in Fig. 6.35. It is evident that the radiation patterns 
by the two ports are quite different which shows that diversity gain is achieved due 
to the pattern diversity. This dual-feed PIFA also fulfils the two condition 
described in Eq. 5.15 which is also clear from the graph of correlation coefficient 
versus the frequency in Fig. 6.36.
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Frequency in GHz
Fig. 6.31 Simulated Sn, S22 and S12 of low profile dual-feed FIFA
Frequency in GHz
Fig. 6.32 Measured Sn, S22 and S12 of low profile dual-feed FIFA
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Fig. 6.33 3D simulated rad. pattern of dual-feed FIFA with Port l at 2.45 GHz
4
Fig. 6.34 3D simulated rad. pattern of dual-feed FIFA with Port 2 at 2.45 GHz
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Fig. 6.35 2D measured radiation patterns in dB scale for Port 1 and Port 2 at 2.45
GHz for different planes
^ 0.1
Frequency [GHz]
Fig. 6.36 Envelope-correlation coefficient versus frequency in GHz
6.5.3 Diversity Gain Measurement
The diversity gain of this dual-feed PIFA for h = 5 mm with parallel 
feed plates is measured in a reverberation chamber. The measurement utilizes the 
reverberation chamber at the University of Liverpool. The diversity gain result for
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this dual-feed PIFA is shown in Fig. 6.37. The level of diversity gain calculated 
for this antenna, measured at the 1% cumulative probability, between the MRC 
and the strongest branch (Branch 1 in this case) is equal to 9.951 dB.
....
Relative Power (dB)
Fig. 6.37 Measured diversity gain of dual-feed PIFA for h = 5 mm with parallel
feed plates
6.6 Summary
In literature, more than one PIFA antennas were used to produce 
diversity gain using spatial diversity. But implementation of spatial diversity in 
case of small portable systems such cellular mobile is very difficult as space 
available is very small. In this chapter, we have used pattern diversity and 
polarization diversity to produce diversity gain. The concept is to use one PIFA 
antenna with multiple feeds instead of two or more antenna elements in order to 
save space and cost. In order to increase the isolation and reduce the mutual 
coupling between the two ports, the ground planes under the top radiating plate are 
modified which produce anti-resonances between the two ports.
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We have presented three new and compact designs of dual-feed PIFAs 
for different heights using pattern and polarization diversity. The designs are 
optimized for Bluetooth/WLAN 2.45 GHz band. Parametric studies are conducted 
to exhibit how resonant frequencies are affected by different parameters. And it 
shows that we can modify the parameters to use these PIFA designs to work for 
other bands such as Long Term Evolution (LTE) 2.5 GHz - 2.7 GHz band. 
Diversity gains are measured in a reverberation chamber which exhibit that 
diversity gains are achieved by these antenna designs if these antennas are utilized 
in portable systems for a real practical environment.
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CHAPTER
7
Conclusions and Future Work
7.1 Summary
The MIMO systems have shown the ability to increase the channel 
capacity and enhance the reliability of the wireless systems without increasing the 
transmitted signal power and bandwidth. The data rates and coverage of a MIMO 
system can be improved by using spatial multiplexing and space time coding 
respectively. That is the reason that MIMO systems are used in WLAN and 
Wimax systems and wireless mobile communication systems such as 3G and 4G 
will utilize the MIMO systems in near future. Future wireless communication 
systems will utilize MIMO and diversity antennas to increase the data rates. We 
have discussed different antennas which are implemented on small portable 
systems over the last two decades. But increasing demands of the users for the 
compact and low-profile portable systems have minimized the use of most of 
these antennas in the current and future wireless communication systems. Planar 
Inverted-F antenna (PIFA) is used in most of the current portable systems due to 
its compactness, low-profile, ease of fabrication and desired features in terms of
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radiation patterns and gain etc. This features and characteristics make PIFA a 
very suitable candidate as a MIMO and diversity antenna. Due to these factors, 
PIFA was taken as a main element of study in this work.
Before using this PIFA antenna as a diversity and MIMO antenna, a 
comprehensive parametric study was undertaken and a new empirical equation is 
proposed to predict the resonant frequency of PIFA. The requirements foi 
designing a MIMO or diversity antenna such as a high diversity gam and low 
mutual coupling are also addressed in this thesis. The diversity gain is a measure 
of the effectiveness of die diversity technique. High diversity gam can be 
achieved when the received signals from the antenna elements have low 
correlation and the power levels of the signals from these antenna elements 
should not be too different in a multipath environment. There are different 
isolation techniques introduced to achieve low mutual coupling between two 
antenna elements. However, it is observed that at the moment, there are no clear 
design criteria to achieve low mutual coupling and high isolation m a limited 
sized mobile terminal. The diversity technique which uses more than one antenna 
to transmit or receive signals, called space diversity, is utilized in space time code 
to exploit the MIMO channels. This is a well known method for solving the signal 
fading problem in multipath environment. The theoretical separation between two 
antenna elements is at least half-wavelength for minimum coupling. But in case 
of small portable systems, the space available is comparatively small so 
implementing more than antenna elements on such small spaces are hard to 
achieve. So in this thesis, the focus is given on die other antenna diversity 
techniques such as pattern and polarization diversities to achieve diversity gam. In 
order to save the space and cost, the concept of using one antenna with multiple 
feeds is used to achieve diversity gain. It is observed that in case of PIFA, strong 
current flows on the ground plane which is the PCB of a mobile terminal, so the 
ground plane is acting as a radiator rather than a reflector. So ground plane is 
modified and etched out to achieve low mutual coupling between the two ports.
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Three novel designs of dual-feed FIFA for heights h — 10 mm and h — 
05 mm are presented. The chosen band is Bluetooth/ WLAN 2.45 GHz band. The 
minimum bandwidth achieved by the two ports is at least 200 MHz. These 
designs can also be optimized to work for the other bands such as LTE, GSM, 
DCS, PCS and UMTS etc. Furthermore, the diversity performances of these 
antennas are evaluated with selection combiner technique in a reverberation 
chamber to observe the diversity gain in a real environment. It is found that 
reasonable diversity gains of more than 5 dB at 99 % reliability are achieved by 
all these antenna designs.
7.2 Key Contributions
In this thesis, three different areas related to FIFA antenna are 
investigated. The major contributions in this thesis are detailed in the following 
three sections.
Comprehensive Parametric Study and Empirical Equation of 
FIFA
> A comprehensive parametric study is undertaken to get the knowledge of 
how FIFA characteristics are affected by the change of different 
parameters. It was observed that partial studies were done by taking into 
account effects of dimension of ground plane, height of FIFA, and width 
of shorting plate on the characteristics of FIFA but no comprehensive 
parametric study existed in literature which could illustrate that how all 
the parameters of FIFA affect the characteristics such as the resonant 
frequency, impedance bandwidth and radiation pattern. This study was 
done by varying one parameter at a time while all other parameters were
held constant.
> Then the results of this parametric study are characterized so that the FIFA 
designers may use the knowledge of this parametric study to develop the
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PIFA antenna for the required resonant fiequency and impedance 
bandwidth.
Xt is found that impedance bandwidth can be increased by just modifying 
the structure of PIFA. By shortening the width of shoiting plate and 
increasing the width of feed plate to the right value, increases the 
impedance bandwidth of PIFA.
> It was also observed that the empirical equation used before was also 
insufficient to predict the resonant frequency of PIFA as it does not 
include those parameters which significantly affect the resonant 
frequency. So based on our parametric study, a new empirical equation is 
proposed which can be used to predict the resonant frequency of PIFA 
with average error of 3 %.
Bandwidth Enhancement Techniques of PIFA
The second focus of the work was to investigate the techniques of 
increasing the impedance bandwidth of PIFA as this antenna was assumed a 
narrow band antenna. Three bandwidth enhancement techniques are proposed 
which significantly increase the bandwidth of PIFA.
> First technique investigates the effects of changing the widths of feed plate 
and shorting plate on the impedance bandwidth. It is shown that a PIFA 
with a much wider bandwidth (up to 65%) than previously reported can be 
achieved by optimizing the widths of the feed and shorting plates.
> 2nd technique introduces a PIFA antenna having a parasitic element. It is 
shown that due to the addition of this parasitic element, this PIFA can 
achieve a very wide bandwidth (more than 100%).
> The ultra wide band (UWB) systems require antennas having a very broad 
impedance bandwidth. The planar* inverted-F antenna (PIFA) was not yet 
employed as an ultra wide band antenna due to its perceived narrow band 
characteristics. A new ultra wide band PIFA is made and tested with one 
parasitic element for frequencies from about 3.35 GHz to 9.4 GHz
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(simulated), with a fractional bandwidth of about 102%, which is ideal for 
emerging ultra wide band (UWB) wireless applications.
> 3rd technique introduces another rectangular shaped parasitic element in 
addition to the first two techniques discussed above. The addition of this 
parasitic element further increases the impedance bandwidth to around
120 %,
> As UWB FIFA described above does not cover the full UWB band 
therefore, an UWB FIFA with two parasitic elements is also made and 
tested which almost cover the whole band from 3.5 GHz to 10.7 GHz 
(simulated).
PIFA as a Diversity and MIMO Antenna
Third work includes the use of PIFA as a diversity and MIMO antenna.
Three designs have been made and tested.
> First antenna design introduces a novel dual-feed Planar Inverted-F 
Antenna (PIFA) suitable for wireless diversity/MIMO applications with 
height of PIFA h = 10 mm. By exploiting the pattern diversity, we have 
successfully made a provision of two isolated feeding ports using one 
common radiating plate. The two feed plates are placed parallel to each 
other. The main technique introduced is to etch the ground plane under the 
radiating plate to reduce the mutual coupling between the two ports. It is 
found that the envelope cross-correlation is less than 0.02 and the ratio of 
the mean effective gain between the two ports is close to unity. Thus, this 
new PIFA antenna can provide a better solution than two separate 
antennas for diversity and MIMO applications by saving the space and
cost.
> 2nd design presents a new and novel dual-feed Planar Inverted-F Antenna 
(PIFA) suitable for wireless applications such as Wireless Local Area 
Network (WLAN) and Long Term Evolution (LTE) as a diversity and 
MIMO antenna with height of PIFA h - 10 mm. Instead of two antenna
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elements, there is only one top radiating element with two isolated ports 
which save the space and the cost. The two feed plates are placed 
perpendicular to each other due to which polarization diversity as well as 
pattern diversity is exploited to achieve diversity gam. The isolation 
between the two antenna ports is achieved by the modifying the ground 
plane under the top radiating element.
> 3rd design introduces a new low profile dual-feed Planar Inverted-F 
Antenna (FIFA) suitable for wireless LAN applications with height of 
PIF A h — 5 mm. Pattern diversity is exploited using one common radiating 
plate and two isolated feeding ports. The isolation is successfully achieved 
mainly by modifying the ground plane under the radiating plate and 
producing an anti resonance between the ports. Thus, this single PIFA 
antenna can act as two separate antennas for diversity and MIMO 
applications with reduced space and cost.
7.3 Future Work
Based on the conclusions drawn and the limitations of the work 
presented, future work can be carried out in the following areas:
. In comprehensive parametric study of PIFA. only one parameter is changed 
at time while all other parameters are held constant. It would also be useful 
to perform tests for combinations of variations.
• For UWB antenna, the transfer function characteristics or time domain 
response is also important parameters for its effectiveness for UWB 
applications. Therefore, the transfer functions of UWB PIFAs presented in 
thesis can be measured to check its suitability for UWB apphcations.
. The isolation technique of modifying and etching out the ground plane, 
used in the dual-feed PIFA antenna designs presented in this thesis, has the 
deficiency that it reduces the bandwidth. So some other isolation 
techniques need to be explored to avoid reduction in bandwidth.
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• It would also be interesting to increase the bandwidth with the present 
isolation technique used in the dual-feed PIFA designs.
• The dual-feed PIFA antenna designs need to be further reduced in height 
and make it more robust for practical applications
• Using the concept of producing anti resonances, the feeding ports can be 
increased further to work in the same frequency band.
• The concept of using one antenna element with multiple ports can be 
extended to other antennas such as planar monopole antennas etc.
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